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Abstract
Eutectoid decomposition in steels can result in either a lamellar (pearlite) or non- 
lamellar (bainite) microconstituent. Similarly, in Ti-X alloys, both a lamellar and 
non-lamellar microconstituent have been observed following eutectoid 
decomposition. It has been suggested that the lamellar and non-lamellar 
microconstituents observed in Ti-X alloys are synonymous with pearlite and bainite 
in steels.
This thesis presents a thorough review of all relevant literature on eutectoid 
decomposition in Ti-X alloys as well as pearlite and bainite in steels. A programme 
of experimental work has been conducted covering nine Ti-X alloys; a 
hypoeutectoid, eutectoid and hypereutectoid alloy of each Ti-Co, Ti-Cr and Ti-Mn. 
Various heat treatments were completed including isothermal, slow cooling and 
thermomechanical treatments.
Only eutectoid and hypereutectoid Ti-Co contained the lamellar microconstituent. 
All remaining alloys contained a non-lamellar microconstituent. The lamellar 
microconstituent formed from both plates of a(Ti) and allotriomorphs of TizCo. 
Heat treatment at progressively higher undercooling resulted in the lamellai- 
microconstituent being increasingly replaced by a spheroidal microconstituent. The 
non-lamellar microconstituent consisted of plates of a(Ti) separated by (3(Ti) with 
the intermetallic phase at a(Ti): P(Ti) boundaries. Once the reaction had reached 
completion no p(Ti) remained.
Definitions for pearlite and bainite have been presented based upon well documented
experimental evidence. The Ti-X lamellar and non-lamellar microconstituents have
been shown to be synonymous with pearlite and bainite in steels based upon these
definitions. Pearlite and bainite have also been shown to foim by distinct
mechanisms and it is therefore incorrect for them to be considered as products which
are in any sense opposites to each other. A new hypothesis has been proposed
suggesting that it is not pearlite and bainite that are competing processes in Ti-X
alloys, but pearlite and the formation of a(Ti) plates. This can be extended to
tA-xcsfcdecomposition in any eutectoid systemjmight be viewed as the competition between 
pearlite and plate formation.
ill
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Nomenclature
‘Pearlite’ lamellar eutectoid in non-ferrous alloys
‘Bainite’ non-lamellar eutectoid in non-fenous alloys
X true pearlite spacing
Xap apparent pearlite spacing
Xi intercept pearlite spacing
Xmin minimum pearlite spacing
TTT time temperature transformation
G pearlite growth rate
f(t) fraction of austenite transformed to pearlite
N nucléation rate
t time
Te eutectoid temperature
a  interfacial energy
AHv enthalpy of pearlite reaction
AT undercooling below Te
Gv growth velocity of pearlite
Dv volume diffusion coefficient
s5Db boundary diffusion parameter
Co^ “ Co^ equilibrium concentration of solute atoms in parent phase
C“ equilibrium solute concentrations in two pearlitic phases
fa fp volume fractions of the two phases
Xo minimum lamellar spacing possible resulting when all free energy
gained due to transition used for creation of f:c interface 
EBSD electron backscattered diffraction
h ledge height
1 ledge spacing
Bs bainite start temperature
IPS invariant plane strain
PTMC phenomenological theory of maitensite crystallography
Bf bainite finish temperature
Ms mai tensite start temperature
bcc body centred cubic
TEM transmission electron microscopy
SEM scanning electron microscopy
XRD x-ray diffraction
fee face centred cubic
hep / cph hexagonal close packed
wt% weight percent
at% atomic percent
G a growth rate of a
Gp growth rate of (3
a, c lattice parameter values
f ferrite
0 cementite
BEI backscattered electron imaging
EDS Energy dispersive X-ray analysis
ZAP
Hv
X-ray fluorescence correction factor Z = at( 
A = absorption, and F = fluorescence 
Vickers hardness
P load
d average of diagonal of hardness indentation
SAD selected area diffraction
SADP selected area diffraction pattern
CBED convergent beam electron diffraction
EDX (Energy dispersive X-ray analysis
a ’ martensite
Otib lower bainite
Otub upper bainite
CCa accicular ferrite
Ot\v widmanstatten ferrite
a allotriomorphic ferrite
oti idiomorphic ferrite
Xll
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Chapter 1. Introduction to Thesis
Eutectoid decomposition in steels can result in two microconstituents, pearlite and
1bainite. Pearlite is the lamellar product of eutectoid decomposition whilst the non- |
lamellar structure can, depending on definition, be termed bainite. A large body of I
work on pearlite has been published over the last 15 years challenging the accepted 
views of pearlite growth. Literature on bainite is complicated due to three separate 
definitions of the microconstituent.
Following eutectoid decomposition of Ti-X alloys, both lamellar and non-lamellar 
microconstituents have been observed. Several workers have suggested that these 
products are synonymous with pearlite and bainite in steels. An aim of this thesis is 
therefore to rationalise the literature available on both pearlite and bainite in steels to 
determine definitions to which the microconstituents observed in Ti-X alloys may be 
compared. This thesis draws conclusions on whether the Ti-X microconstituents are 
synonymous with pearlite and bainite in steels.
A further aim of this thesis is to examine the growth mechanisms of eutectoid 
decomposition in Ti-X alloys. A number of theories have been proposed for why 
pearlite fonns under some conditions and bainite others. This work examines these 
theories by comparing them with results obtained during this work.
A systematic study of three compositions of three separate Ti-X alloys, where X =
Co, Cr, and Mn, has been completed. A variety of heat treatments have been 
completed including isothermal, slow cooling and thermomechanical. A variety of 
experimental techniques have been utilised for this work, namely reflected light 
microscopy (RLM), scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), in addition to X-ray diffraction (XRD). RLM and SEM were 
used primarily for microstmctural characterisation of the eutectoid microstractures.
TEM was used extensively in this investigation to firstly acquire high resolution 
information on the microstractures and secondly to characterise the crystallography 
of the decomposition product.
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Chapters 2 and 3 of this thesis critically review literature on pearlite and bainite in 
steels respectively. Chapter 4 examines all relevant literature of the eutectoid 
decomposition of Ti-X alloys. Chapter 4 also discusses the three Ti-X systems 
examined during this work.
Chapter 5 presents details of the experimental techniques utilised in this thesis whilst 
Chapters 6, 7 and 8 present results on the Ti-Co, Ti-Cr and Ti-Mn systems 
respectively.
Chapter 9 discusses the literature presented in Chapters 2 and 3 on pearlite and 
bainite in steels and derives definitions for both microconstituents based upon well- 
documented experimental evidence.
Chapter 10 compares the definitions presented in Chapter 9 with the experimental 
results determined during this work for Ti-X systems. In addition. Chapter 10 
discusses current theories on the eutectoid decomposition of Ti-X alloys and 
highlights some inadequacies. A new hypothesis is proposed based upon both the 
available literature and the experimental results from this work.
Finally, Chapter 11 draws conclusions from this work and makes recommendations 
for areas of future work.
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2.1 Eaiiv Work (1886- 1932V
Ferrous pearlite was discovered by Sorby in 1886 when he noted, in plain carbon 
steel, dark etching areas which were later found to consist of lamellae of cementite 
and ferrite. Sorby suggested that the mixture be called ‘pearly constituent’ although 
the name was later shortened to pearlite. Figure 2.1 shows a pearlite colony and 
indicates the direction of edgewise and sidewise growth. The first theory of pearlite 
growth was not proposed for 20 years until the work of Bei^dicks (1905) who stated 
that pearlite was the product of a series of decomposition reactions starting with 
maitensite. Le Charier (1905) disagreed with this and, in discussing the work of 
Beq^fiicks (1905), proposed that peailite forms directly from austenite. Howe and 
Levy (1916) suggested, from the effect of heating and cooling on the microstracture 
of a near eutectoid steel, that a nucléation and growth process occurs in pearlite 
fonnation.
Vogel (1912) proposed that during eutectic solidification a process of repeated 
sidewise nucléation resulted in lamellar multiplication. Belaiew (1922) applied this 
view to pearlitic sidewise nucléation which was suggested to be enhanced by solute 
depletion and rejection. Carpenter and Robertson (1932) noted, on employing 
different cooling rates, that pearlite nucleates at grain boundaries and grows rapidly 
throughout untransformed austenite. In addition, the authors noted that pearlite 
forms by simultaneous edgewise growth and sidewise nucléation. The combination 
of edgewise growth and sidewise growth by repeated nucléation became the accepted 
view of pearlite formation.
2.2 Interlamellar Spacing
Interlamellar spacing is one of the most important defining features of pearlite. The 
spacing most commonly referred to is tme spacing (A.) or the distance between the 
midpoints of the lamellae. The apparent spacing (lap) is the spacing seen on a
* This time period was identified by Whiting (1994) as the period over which the key aspects o f pearlite growth were 
established.
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polished section and intercept spacing (li) is determined by point counting along 
random lines placed on the section. These three spacings are shown schematically in 
Figure 2.2.
As work on pearlite developed it became cleai- that interlamellar spacing is related to 
transformation temperature. Figure 2.3 demonstrates this relationship by showing 
spacing as a function of temperature. Zener (1942), using true spacing, rationalised 
the known linear relationship between temperature and the reciprocal of linear 
spacing in terms of thermodynamics. The work argues that there is a minimum 
possible value of spacing for a given undercooling. This is discussed further in 
Section 2.5.
Ridley (1984a) produced a thorough review of all aspects of pearlite spacing. One 
aspect of this review was the discussion of the relationship between tme spacing (X) 
and minimum spacing (A.min), often quoted in earlier studies. Some examples of such 
values are shown in Table 2.1. The data presented clearly show that a variation 
exists in lamellar spacing. Work by Pellisier et al. (1941, 1942) demonstrated a 
small distribution in lamellar spacing based on the relation of measured pearlite 
spacing to actual spacing. Ridley (1984a) believed this distribution was a function of 
the system and the transformation temperature.
Table 2.1 Summary of Tme Spacing to Minimum Spacing Ratios 
after Whiting (1994).
SYSTEM X /  Xniin REFERENCE
Cu-Al eutectoid 
isothermally transformed
2-2.5 Asundi and West (1966)
Low C steel, slow cooled 
(essentially isothermal)
1.1 - 1.6 Birbeck and Wells (1968)
Zn-Al eutectoid 
isothermally transformed
1.3 - 1.5 Boswell and Chadwick (1977)
Co containing eutectoid 
steel directionally grown
1.25 Mellor and Edmonds (1977)
Fe-C-Mn eutectoid steel 1.24 Ridley (1984a)
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2.3 Nucléation of Pearlite
Pearlite is usually found to nucleate either at ‘clean’ grain boundaries or on 
proeutectoid phases. Mehl and Hagel (1956) demonstrated that the nucléation rate of 
pearlite increases with time, decreases with temperature before passing through a 
maximum and is slowed by most alloying additions. Nucléation rate is also a 
stmcture sensitive parameter and is affected by austenite grain size and chemical 
heterogeneity (inhomogeneity and impurities).
Much early work concentrated on the concept of an active nucleus, where the active 
nucleus is defined as the phase which forms first. This initial process was thought to 
be a precursor to the formation of the second phase and the establishment of a 
pearlite colony. Initial work on the nucléation of pearlite by Hull and Mehl (1942) 
stated that pearlite formed at austenite grain boundaries by nucléation of a cementite 
plate followed by nucléation of adjacent fenite plates. Data supporting this idea was 
complicated by the variety of compositions employed. Additionally, Hull and Mehl 
(1942) used data for single crystals which made the situation artificial, in that grain 
boundaiy nucléation sites were absent. Although pearlite nucléation usually occurs 
at grain boundaries, pearlite can also nucleate on proeutectoid phases where they are 
allotriomorphs.
Nicholson (1954) believed ferrite to be pearlite’s active nucleus. This assumption 
was based on the simultaneous shift of ferrite and pearlite TTT start curves with 
increased carbon content in a Fe-C-Mn alloy. Smith (1953) proposed that '‘pearlitic 
ferrite could have any orientation relationship with the grain into which it was 
growing that would yield a partially coherent austenite : ferrite interface". From 
this it could be concluded that the proeutectoid phase concerned is the active nucleus.
2.4 Growth of Pearlite
Hull and Mehl (1942) concluded that pearlite colonies grow by repeated sidewise 
nucléation and this view became the accepted consensus until the work of Hillert 
(1962). Hillert (1962) re-examined old evidence, conducted extensive sectioning 
experiments and drew conclusions very different to those of Hull and Mehl (1942).
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Hillert (1962) demonstrated that ferrous pearlite colonies are interwoven bi-crystals 
one of ferrite and one of cementite. Therefore, sidewise growth is accomplished by 
branching of fenite and cementite crystals and not an alternate nucléation 
mechanism. This is supported by the work of Modin (1958) and Dippenaar and 
Honeycombe (1973) who demonstrated that the phases are continuous. Lamellar 
branching is currently accepted as the dominant mechanism of sidewise growth 
although, according to Thompson and Howell (1988), in certain steels repeated 
sidewise nucléation is still important.
Edgewise growth was believed to occur by the synchronous advancement of edges of 
ferrite and cementite plates into the interior of the austenite grain in which growth 
began. Edgewise growth of pearlite was described by Hillert (1962) to take place by 
unimpeded migration of the edges of the cementite and ferrite lamellae. In addition, 
the edges are suggested to have a disordered stmcture. Hillert (1962) generalised 
Smith’s (1953) observation to, “ferrite and cementite constituents of pearlite can 
have any orientation relationship to the matrix austenite except for those which 
allow the formation of interfaces which are partially coherent with the matrix 
austenite ”.
In recent years a new theory of pearlite growth has challenged this ‘classic’ view. 
This is discussed further in Section 2.7.
2.5 The Kinetics of Pearlite Nucléation and Growth
2.5.1 The Johnson - Mehl Approach
The work of Johnson and Mehl (1939) derived an isothennal reaction equation for 
the nucléation of pearlite. The rate of nucléation of pearlite is defined as the number 
of nuclei that form in unit volume per second. In order to compare nucléation rates at 
different temperatures it is necessaiy to consider the average nucléation rate for each 
temperature.
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When considering Fe-C binary alloys, at temperatures just below the eutectoid 
temperature, nucléation rates can be considered to be slow. Only a few pearlite 
nuclei form and due to relatively high growth rates nuclei, grow into large pearlite 
nodules.
Because of the scarcity of pearlite nuclei and the large distances between them when 
formed at high temperatures, nuclei can be considered to form randomly throughout 
austenite in spite of the fact that they actually form at grain boundaries. Johnson and 
Mehl (1939) assumed that the number of new nodules appearing in a unit time is 
proportional to the untransformed volume (constant volume nucléation rate), nodules 
maintain a spherical shape during growth and the growth rate G is constant. Hence, 
the fraction of austenite transformed to pearlite is given as a function of time by
f(t) = 1 - exp [(-n/3) NG^"*] 2.1
where f(t) is the fraction of austenite transfonned to pearlite, N is nucléation rate, G 
growth rate and t time. This method has been widely discussed as a useful 
description of pearlite growth.^
The curve derived from this equation is shown in Figure 2.4 and is a similar shape (a 
sigmoid) to those observed in the formation of pearlite from austenite in simple 
carbon steels (Mehl and Hagel, 1956).
Application of Equation 2.1 beyond its very restrictive assumptions leads to 
erroneous predictions. N is not constant with time for the pearlite reaction in general 
and G may vary from nodule to nodule and with time. In addition, at high 
temperatures, pearlite nodules are rarely spherical. Finally, pearlite nuclei are not 
randomly distributed but are confined to grain corners, edges and surfaces.
 ^ Similar studies on grain coarsening by Aaronson (1962) yield the core mathematics. Indeed, this method is applicable to a 
wide range o f nucléation and growth processes.
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2.5.2 The Zener - Hillert Model
As discussed in Section 2.2, lamellar spacing is one of the most important features of 
pearlite. Many workers have attempted to predict and rationalise the relationship 
between interlamellar spacing and the degree of undercooling during pearlite growth 
in addition to predicting growth velocity. Zener (1942) noted that the larger the 
undercooling the finer the interlamellar spacing. This was explained in terms of the 
availability of free energy for the fonnation of the ferrite : cementite interface. Zener 
(1942) introduced the idea of the minimum possible spacing Xmin where all the free 
energy of transformation is used in the creation of the interlamellai' interface:
2 T e(J 2.2
where Te is the eutectoid temperature, a  the interfacial energy, AHv the enthalpy of 
the pearlite reaction and AT the undercooling below the eutectoid temperature.
Pearlite growth involving boundary diffusional control has been examined by many 
researchers including Shapiro and Kirkaldy (1968), Sundquist (1968, 1969) and 
Hillert (1957, 1962). In examining the work of Zener (1942), Hillert (1957, 1972) 
corrected Equation 2.2 for the concentration difference due to the effect of curvature 
at lamellai" tips. In this way kinetic equations for pearlite growth were derived for 
volume and boundary diffusion respectively (Equation 2.3 and 2.4). These two 
equations are generally termed the Zener-Hillert equations:
D. 1 cr-cf  1Gv - — .
Gv =  \ 2 s 5 D b.
a ' f « f i  a ' - C “ 'X
1 1
- I 2.3
fa/p' C ^ -C "  'X- 2.4
where Gv is the growth velocity of the pearlite colony, Dy the volume diffusion 
coefficient, a is a geometric constant (usually assumed to be 1), s5Db the boundary
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diffusion parameter, and the equilibrium concentrations of solute atoms in 
the parent phase, C“ and the equilibrium solute concentrations in the two pearlitic 
phases, /«  and fp  are the volume fractions of the two phases, Xo is the minimum 
spacing possible which results if all the free energy gained due to the transformation 
is used for the creation of the feniteicementite interface and X interlamellar spacing.
It is not possible to solve the Zener-Hillert equations to obtain a unique solution of 
both spacing and velocity without using a limiting criteria. Cahn (1959) utilised the 
maximum rate of free energy release. Sundquist (1968, 1969), in examining the 
Zener-Hillert approach, suggested that the maximum rate of entropy production could 
be used as a limiting criteria. This was later confirmed by Kirkaldy (1984). Whiting 
and Tsakiropoulos (1994) stated that all of these criteria have only an intuitive basis 
and there is no rigorous theimodynamic justification for any one of them in 
preference to the others.
Several workers have examined the consequences of disturbances of various 
parameters on the system, or perturbation models. An example of this is that spacing 
can be increased and the shape of the interface theoretically calculated. Sundquist 
(1968) noted that an increase in spacing results in parts of the interface Tagging’ 
behind, resulting in the formation of fresh lamellae, thus providing an upper limit to 
the spacing.
Work by Kirkaldy and Sharma (1980) demonstrated that the minimisation of global 
interfacial curvature might dictate the choice of spacing. Secondly, the authors 
demonstrated the equivalence of the Zener-Hillert and perturbation models.
A large quantity of work has been carried out to refine the Zener-Hillert models. 
Mixed diffusion has been modelled (Hasiguchi and Kirkaldy, 1984), complex 
segregation and thermodynamic models have been proposed (Fridberg and Hillert, 
1970, 1977), incomplete partitioning has been suggested (Cahn, 1959) and the effect 
of a ternary element considered (Puls and Kirkaldy, 1972; Ridley et al, 1990; 
Fridberg and Hillert, 1970). Despite this level of complexity there is continued
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debate about the detail of the transformation. Even in Fe-C alloys there is still 
uncertainty over the rate controlling diffusion mechanism (Whiting, 1999).
2.6 Crvstallograohv of Pearlite
2.6.1 Introduction
The crystallography of pearlite involves three phases, the two lamellar phases and the 
high temperature parent phase into which the pearlite is growing. Pearlite colonies 
usually have a stationary interface with one austenite grain and a mobile interface 
with another. Smith (1953) proposed that pearlitic ferrite could have any orientation 
relationship with the grain into which it was growing that would yield a partially 
coherent austenite : ferrite interface.
Dippenaar and Honeycombe (1973) canied out a comprehensive study utilising 
transmission electron microscopy to study the ciystallographic relationship between 
pearlite and retained austenite in a high manganese steel. The results support the 
Smith / Hillert theory in that neither the pearlitic fenite or cementite was related to 
the austenite grain into which no growth occurred by a rational orientation 
relationship.
2.6.2 Orientation Relationships
Work on ferrous pearlite has led to the identification of three different orientation 
relationships between ferrite and cementite. The most frequently quoted examples 
are the Bagaryatski (1950) and the Pitsch-Petch (Petch, 1955; Pitsch, 1962) 
orientation relationships:
Bagaryatski: [1 0 0]„ 11 [1 1 0],
[0 1 0]c 11 [1 1 l]f
( 0 0 Do 11 (1 12) t
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Pitsch-Petch: [1 0 0]c 2,6° from [3 1 l]t
[0 1 0]„ 2.6° from [1 3 1],
(0 0 l)e I I ( 2 1 5 ),
Subscripts c and f denote cementite and fenite respectively. Dippenaar and 
Honeycombe (1973) concluded that the Bagaryatski orientation relationship is 
observed where pearlite nucleates on a boundary with a proeutectoid phase. The 
Pitsch-Petch orientation relationship is observed where pearlite nucleates on a ‘clean’ 
boundary (i.e. free of proeutectoid). In addition, it was noted that the morphology of 
the colonies was dependent on the adopted orientation relationship. These 
observations were confirmed by Samuels (1983) and Samuels and Hussein (1983).
A third orientation relationship, observed by Isaichev (1947), has also been reported.
Isaichev; (1 0 3)c I | (1 0 l)f
[OlOJc I I [1 10]f 
(1 0 l)c I I ( U  2 )t
The Isaichev orientation relationship has only been reported three times (Isaichev 
1947, Hackney and Shiflet, 1984; Zhou and Shiflet, 1991). According to Zhou and 
Shiflet (1991) this is due to its similarity to the Bagaryatski orientation relationship.
Mangan and Shiflet (1999) examined the Pitsch-Petch orientation relationship in 
ferrous pearlite at small undercoolings. The work examined both hypereutectoid and 
hypoeutectoid Fe-C alloys providing a variety of morphologies in order to consider 
the relationship between pearlite nucléation sites and ferrite carbide interlamellar 
orientation relationship.
Mangan and Shiflet (1999) suggested that the 2D information provided by TEM is 
inadequate for relating a pearlitic orientation relationship to a particular nucléation 
site. This work utilised serial sectioning and 3D reconstruction with EBSD (electron- 
backscatter diffraction). Mangan and Shiflet (1999) concluded that the Pitsch-Petch
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orientation relationship occurs when a colony is cementite nucleated and this is valid 
for both sides of the eutectoid composition.
2.6.3 The Interlamellar Habit Plane
More work has been completed on orientation relationships than habit planes in 
pearlite. Some workers argue that the concept of a habit plane is not of relevance due 
to the large amount of lamellar curvature present in pearlite colonies (Hillert, 1962; 
Puls and Kirkaldy, 1972).
Additional workers have identified various habit planes. The (OOl)c plane is often 
suggested (Daiken and Fisher, 1962; Bowden and Kelly, 1967; Samuels, 1983; 
Ohmori et al, 1972). Ohmori et a l (1972) identified the (OOl)c I  I  {125}f and 
( lO l) c  I I  {112} habit planes.
The fact that lamellar curvature seems to exist in conjunction with a habit plane was 
explained by Hackney and Shiflet (1984) who demonstrated that lamellar curvature is 
in fact due to small steps on the ferrite / cementite interface named direction steps. 
Zhou and Shiflet (1991) demonstrated how the direction steps maintain a microhabit 
plane between the two phases. Zhou and Shiflet (1991, 1992) utilised TEM to 
examine pearlitic specimens and suggested that of the three principle orientation 
relationships for feiTous alloys, each have a unique habit plane. A model was 
presented by the authors considering the potential energy of one crystal on another 
when both are rigid. The authors demonstrated that the (OOl)c, ( lO l)c ,  (112)f and 
(215)f planes have similar atomic configurations. This is shown schematically in 
Figure 2.5. The energy resulting from the combination of these planes is shown in 
Figure 2.6.
The results of Zhou and Shiflet (1991) demonstrate the energetic advantage of the 
three commonly observed orientation relationships in addition to one additional 
relationship. This was also reported by Zhang and Kelly (1997).
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2.7 The Ledge Mechanism
2.7.1 Introduction
Since 1984 a large quantity of work has been published challenging the ‘classic’ view 
of pearlite growth. As discussed in Section 2.3, the fact that the pearlite growth 
interface was believed to be disordered, based upon the work of Hull and Mehl 
(1942) and Mehl and Hagel (1956), was instrumental in the ‘classic’ theory. In 1987 
Hackney and Shiflet challenged the ‘classic’ view when they proposed that pearlite 
grows by a co-operative ledge mechanism. Section 2.7.2 examines features observed 
in both pearlite and its growth interface and discusses their relevance to a co­
operative ledge mechanism.
2.7.2 The Pearlite Growth Interface
In order to examine the growth interface of pearlite the high temperature austenite, 
into which the pearlite is growing, must be able to be retained to room temperature 
by the addition of austenite stabilising elements. Hackney and Shiflet (1987a) 
accomplished this in the Fe-0.8C-12Mn alloy where a microstructure consisting of 
15% pearlite in retained austenite was obtained.
Two principal features on the pearlite growth interface, namely facetting and linear 
defects, were observed by Hackney and Shiflet (1987a) by transmission electron 
microscopy. The facets consisted of one of a number of low index crystallographic 
planes, generally the close packed planes of one or both phases. In addition, the 
facets were often parallel to other facets on neighbouring lamellae. Linear defects 
were observed in large numbers at the growth interface, iiTegularly spaced with 
heights of between 2 and 9 nm. Facets, misfit dislocations and linear defect mobility 
all resulted in Hackney and Shiflet suggesting that the pearlite growth interface is 
semi-coherent and that the linear defects were growth ledges.
Facetting of precipitates may be considered as a result of sharp cusps in the y plot and 
such singular interfaces in solid-solid inteiphase boundaries have been considered to 
be partially coherent (Aaronson, 1962). Thus, the presence of both facets and misfit
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compensating defects indicate that the pearlite growth interface is semi-coherent. In 
addition, it has been proposed that semi-coherent interfaces can only advance by the 
motion of ledges (Aaronson, 1962).
The main question resulting from the observation of linear defects on the growth 
interface is whether they are structural or growth ledges. Structural ledges exist on 
an interface only to lower energy by improving coherency (Hall et a l, 1972). The 
mobility of these ledges is expected to be limited or non-existent (Hackney and 
Shiflet, 1987b). Growth ledges are the primary mechanism for the advancement of a 
partially coherent interface and therefore possess a high level of mobility (Weatherly 
and Nicholson, 1968; Weatherly, 1969). Work by Rigsbee and Aaronson (1979a, 
1979b) suggested that structural ledges are generally small and have a regular spacing 
when the interface is microscopically flat. Growth ledges, occurring on a variety of 
precipitate phases, have been reported to be relatively large (Hackney and Shiflet, 
1987b) with a variable, unpredictable spacing even on microscopically flat interfaces. 
The heights of ledges observed by Hackney and Shiflet (1987a) range from 3 to 9 nm 
and the authors suggest that this indicates that they are therefore growth ledges and 
are present for the puipose of the advancement of the pearlite interface. In addition, 
Hackney and Shiflet (1987a) demonstrated the systematic mobility of the ledges 
across the growth interface during in situ hot stage TEM which shows conclusively 
that the ledges are in fact growth ledges.
Khalid and Edmonds (1993) studied a similar steel to that examined by Hackney andIt
Shiflet (1987a) and utilised different austeniping treatments, silicon content and 
cold work prior to pearlite transformation. These experiments were intended to vary 
defect concentration in austenite. The authors agree that linearly spaced ‘steplike’ 
defects are present at pearlite’s growth interface although refute that these are growth 
ledges. They suggest that TEM evidence shows that the defects are not growth 
ledges, but result from the intersection of planar defects with the growth interface. 
This is discussed further in Section 2.7.5.
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2.7.3 Interlamellar Heterophase Boundaries
In addition to the defects observed on the pearlite growth interface, Hackney and 
Shiflet (1987b) discussed the defects that have been observed on interlamellar 
boundaries in pearlite in several systems including Fe-C (Hackney and Shiflet 1984, 
1985), Fe-C-Mn (Hackney and Shiflet 1985, 1987a, 1987b). These defects have been 
referred to as direction steps by workers and this terminology will be adopted for this 
work.
Frank and Puttick (1956) observed steps at the feiTite-cementite interface whenever 
lamellae deviated from the usually observed plane. Bramfitt and Marder (1973) 
noted a similar phenomena from the examination of a pearlite carbon replica by high 
resolution SEM. Both workers concluded that the assumed low energy ferrite- 
cementite lamellar habit plane is maintained by multiple facetting during changes in 
direction of lamellar growth. It appears, with hindsight, that both of these 
observations were of direction steps.
Hackney and Shiflet (1987a) utilised TEM to examine such steps and noted that they 
were approximately 2.5 nm in height. In addition it was noted that when the average 
interface normal deviates from the <112> jj [001] cementite direction, the lamellar 
interphase boundary becomes stepped. They continued by examining the interaction 
of direction steps and growth ledges. Direction steps were observed to intersect the 
ferrite-cementite-austenite triple junction line on the mobile pearlite-austenite growth 
interface and growth ledges of the ferrite-austenite interface were continuous with the 
direction steps on the ferrite-cementite interface.
2.7.4 Hackney and Shiflet’s Model
The experimental observations of (i) lamellar curvature in Fe-0.8 wt%C-12 wt%Mn 
occurring in conjunction with direction steps; (ii) these direction steps intersecting 
the triple junction on the dynamic pearlite: austenite growth interface and (iii) the 
direction steps intersection at the triple junction is associated with the ‘mobile’ 
growth ledges on the pearlite:austenite growth interface appear to suggest that a ledge 
mechanism is operative in pearlite growth (Hackney and Shiflet, 1987a). Based on
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experimental observations Hackney and Shiflet (1987b) present the following 
hypotheses
1. Ferritercementite interface direction steps occurring in conjunction with lamellar 
curvature are created and propagated at the three phase triple junction on the 
pearlite:austenite growth interface. This occurs simultaneously with the 
advancement of the pearlite:austenite growth interface.
2. Lateral movement of mobile ledges across the femte: austenite and 
cementite:austenite interfaces results from the initiation and propagation of the 
femte:cementite interface direction steps. It is in this manner that the mechanism 
of growth is coupled with the factors controlling lamellar curvature, moiphology 
and spacing.
Consequences of hypotheses 1 and 2 are:
A. Lamellar curvature occurs during the growth of pearlite, as originally proposed by 
Hull and Mehl (1942)
B. Changes in lamellar curvature, morphology and spacing are initiated by changes in 
physical parameters at the growth interface.
Figure 2.7 shows Hackney and Shiflet’s (1987b) schematic diagram of two adjacent 
lamella with a single set of parallel growth ledges moving from right to left on the 
growth interface. Point X on one ledge, with increasing time, is seen to move across 
the ferrite-austenite interface perpendicular to the plane of the ledge. The authors 
suggest that when X on the growth ledge intersects the fenite:cementite interfacial 
plane (ABCD), the growth parameters of the orthorhombic phase are more 
favourable. As long as no perturbations occur, the plane defined by ABCD will be 
continued (Figure 2.7b). Therefore, the ferrite:cementite:austenite triple junctions 
will be deteimined by parameters acting at the growth ledges. If parameters
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controlling pearlite growth are idealised, so they are constant with time, the growth 
rate, lamellar spacing and lamellar thickness will be constant,
Hackney and Shiflet (1987b) then considered a small perturbation of the conditions at 
the edge of the example growth ledge (such as temperature and / or compositional 
change) so that it is no longer identical with the preceding ledge. In addition, this 
perturbation has slightly increased the distance the designated point must travel 
before cementite formation begins. This results in an increase in the perpendicular 
distance the point must travel across the ferrite:austenite interface, which increases 
the lamellar spacing. In Hackney and Shiflet’s model, the growth ledge will then 
grow past the geometric plane (ABCD) defined by the previous ledge, causing the 
fenite:cementite interface to be shifted over in space to A’B’C’D’ (Figure 2.7c).
Hackney and Shiflet (1987a) noted that the spatial change described will lead to the 
formation of a step at the ferrite:cementite interface similar to the one at point O in 
the schematic. If every growth ledge is allowed to form a step at the ferrite:cementite 
interface in question, the ferrite:cementite boundary plane will be shifted 
continuously as the pearlite colony grows. The resulting fenite:cementite boundary 
plane morphology would give the impression of lamellar curvature (Figure 2.7d). 
Therefore, the steps formed by the growth ledges provide the exact same function as 
the ferrite:cementite direction steps.
Hackney and Shiflet (1987b), then considered a second set of growth ledges (not 
parallel to the first set) on the advancing interface with only one set of ledges forming 
direction steps. The growth interface is moving forward while the direction steps are 
being formed. This is due to the simultaneous lateral movement of two or more sets 
of non-parallel growth ledges. In this situation, both the growth ledge and the 
associated ferrite-.cementite interface direction step would intersect the 
ferrite:cementite:austenite triple junction (Figure 2.8). Hackney and Shiflet (1987a) 
observed this growth ledge / directional step configuration experimentally.
17
Chapter 2. P earlite in Steels
Hackney and Shiflet (1987b) examined the ferriteicementite interface in an attempt to 
validate their model. They suggested that if the model is correct, small jogs 
(direction steps) would be expected to exist on the ferritexementite interface. The 
magnitude of the jogs would be a function of interledge spacing, ledge height and 
ledge velocity. Hackney and Shiflet (1987b) noted that they observed such jogs in a 
Fe-Mn-C alloy (Hackney and Shiflet 1987a).
Hackney and Shiflet (1987b) then allowed the system to become highly perturbed 
with respect to microscopic variations in temperature and chemistry during the 
transformations. It becomes apparent that seldom will each growth ledge be subject 
to the identical conditions as those proceeding it. Under such conditions, Hackney 
and Shiflet suggested it would be possible for both sets of growth ledges to form a 
more complex pattern of ferritexementite interface direction steps. In this case the 
jogs will be associated with the intersection of the two sets of direction steps. 
Hackney and Shiflet again observed this experimentally.
Lee et al. (1988) modified the Zener - Hillert model (Equations 2.3 and 2.4) for 
pearlite growth for the ledge growth mechanism by introducing h/1 which is the ratio 
of ledge height to spacing. The resulting equations 2.5 and 2.6 are for volume and 
boundary diffusion respectively and both assume the maximum growth rate criteria.
^  O. 1 cr-Cf h
A 7 « /o 'C '’ -C "  ' /
2 sSD, C r - C f  h 
' 3 ’A 7«/p 'C '’ - C “ ■(
Lee and Aaronson (1988a, 1988b) attempted to explain the difference between 
pearlite and bainite growth in terms of ledge kinetics, this is discussed in Chapter 4.
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2.7.5 Classic Approach vs. Ledge Growth Mechanism
The ledge mechanism is still a controversial theory. It is necessary to compare the 
evidence of pearlite growth with respect to both mechanisms in order to enable 
overall conclusions to be drawn.
Khalid and Edmonds (1993) examined the pearlite growth interface in alloys very 
similar to those investigated by Hackney and Shiflet (1987a) and Zhou and Shiflet
(1991). The authors agreed that facetting at the growth interface, closely spaced 
misfit compensating defects and irregularly spaced defects are present at the pearlite 
growth interface. Disagreement arises as to whether the irregularly spaced defects 
are in fact growth ledges. Khalid and Edmonds (1993) refute that the defects are 
growth ledges based on the frequent link between such defects and stacking faults in 
the parent austenite. They proposed that the interfacial defects were the result of the 
impingement of matrix defects with the growth interface.
The experiments of Khalid and Edmonds (1993) altered the number of matrix defectsLby (i) choosing two austenijsing temperatures, (ii) working the austenite and (iii) 
adding Si to lower stacking fault energy in the austenite. The authors suggested that 
these experimental techniques gave an associated change in the number of defects in 
the growth interface. Whiting (1994) suggested that the microstructural evidence 
given in support of this work was not cleai- although it did reveal that some 
relationship exists between the matrix and interfacial defects.
Whiting (1994) suggested three possible explanations for this relationship:
1) Matrix defects arise at ledge risers during growth.
2) During quenching the matrix defects are attracted to the steps by elastic 
interactions.
3) Growth ledges form by interfacial interaction with defects.
Whiting (1994) continued that both points 1 and 2 can explain the changes in the 
number of interfacial defects associated with the number of matrix defects (Khalid
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and Edmonds, 1993). Point 2 can explain the associated change in matrix and 
inteifacial defects. Points 1 and 3 raise questions regarding whether the matrix 
defects move to some extent with the growth ledges or the ledges have to ‘break 
free’.
The suggestion presented by Khalid and Edmonds (1993) that the iiTegularly spaced 
defects are not growth ledges seems flawed. Whiting (1994) suggested that the most 
likely conclusion from the work of Khalid and Edmonds (1993) is that growth ledges 
form by interfacial interactions with defects.
The main consideration which is not explained by the work of Khalid and Edmonds 
(1993) is the fact that during in situ hot stage TEM the ledges are mobile (Hackney 
and Shiflet 1987a). This appears to suggest that the irregularly spaced defects are in 
fact growth ledges.
Additional observations of pearlite require explanation with respect to the growth 
mechanism. These include features such as lamellar multiplication, lamellar spacing, 
curvature and the kinetics of pearlite growth.
Lamellar branching is cunently accepted as the dominant mechanism of sidewise 
propagation although, according to Thompson and Howell (1988), in certain steels 
repeated sidewise nucléation is still important. Both mechanisms can be shown to be 
compatible with either the classic view of pearlite growth or the proposed ledge 
mechanism.
Diffusion can account for repeated nucléation and the feasibility of branching on 
basis of diffusion based coupled instability (Hackney 1991). The ledge mechanism is 
also consistent with both forms of lamellar multiplication. Several workers have 
shown micrographs of direction steps on the heterophase boundaries of holes 
(Hackney, 1991; Whiting, 1994). Whiting and Tsakiropolous (1993, 1994) examined 
repeated nucléation in their proposed switching / sympathetic nucléation mechanism.
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The phenomenon of changes in lamellar spacing is explained by the classic view of 
pearlite growth as resulting from the change in diffusion profiles in response to 
changes in growth parameters. The Zener-Hillert approach accounts for the manner 
in which lamellar spacing adjusts in response to changes in growth parameters. 
Sudden changes in local growth parameters can cause either formation of fresh 
lamellaÊ or lamellar termination. So, the classic view can explain variations in 
interlamellar spacing but fails to explain the presence of direction steps at 
interlamellar boundaries.
In considering the ledge mechanism, growth ledges at an interface will change 
velocity in response to changing growth parameters. Ledges control the position of 
triple points and therefore the direction steps in the interlamellar interface. Hence 
interlamellar curvature is controlled directly by the growth parameters. Hackney and 
Shiflet (1987b) imply ledges are shared by both pearlitic phases.
A phenomenon that cannot be readily explained by the classic view is how pearlite 
lamellae can curve quite considerably and are yet known to have low energy 
boundaries. The ledge mechanism provides an explanation, since the stability is a 
result of the interlamellar interface being stepped, in place of a curved interface, 
hence the interface still possesses low energy .
Whiting and Tsakiropolous (1995) summarised the relative merits of classic and 
ledge growth views as shown in Table 2.2
From Table 2.2 it is possible to see how the ledge mechanism has good consistency 
when explaining observations of pearlite growth in addition to the fact that the 
‘classic’ view is obviously insufficient. It is therefore necessary, by examining 
additional eutectoid systems, to gain evidence of the ledge mechanism or to identify 
details to enable overall conclusions to be drawn.
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Table 2.2 Summary of Relative Merits of Classic and Ledge Growth Views 
After Whiting and Tsakiropolous (1995)
Phenomenon Consistency with Classic Theory Consistency with Ledge Hypothesis
Growth Interface Structure Poor Good
Lamellar Multiplication Good Good
Lamellar Spacing 
Adjustment
Good, but fails to account for 
direction steps
Good
Apparent Contradiction 
Between Lamellai' Curvature 
and Interfacial Energy 
Anisotropy
Poor Good
Growth Kinetics Anomaly concerning applicable 
diffusion data
Good
Choice of Habit Plane and 
Orientation Relationship
Poor Good
Similarity in Heterophase 
Boundary Structure for 
Studied Eutectoids
Possible Good
Precipitation of VC in 
Regular Sheaths
Possible Good
Formation of Planar Growth 
Defects in Cu-Al Eutectoid
Possible Good
2.8 Summary
There has been a large quantity of work published on ferrous pearlite in recent years, 
the majority of which challenges Hillert’s ‘classic’ view of pearlite growth. Hackney 
and Shiflet (1987b) have proposed that pearlite foims from a ledge growth 
mechanism based on experimental evidence of direction steps on interlamellar 
boundaries and irregularly spaced defects on pearlite’s growth interface which are 
suggested to be growth ledges.
Work by Khalid and Edmonds (1993) suggested that these inegularly spaced defects 
are not growth ledges, however, they ta k e  no account for their mobility as 
demonstrated by hot stage in situ TEM. A summary of phenomenon associated with 
pearlite growth has been compared to both the classic view and the ledge growth 
mechanism by Whiting (1994). The ledge mechanism appears to result in greater 
consistency than the classic view where factors such as lamellar curvature and 
growth interface stmcture cannot be explained. The classic view of pearlite growth is 
obviously insufficient. The ledge mechanism appears to give good consistency with 
all aspects of pearlite growth
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Figure 2.4 Johnson Mehl Curve after Johnson and Mehl (1939)
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Interfacial Nearest Neighbour Ratios, r, for the Pairs of Planes Shown in Figure 2.5
after Zhou and Shiflet (1992)
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Figure 2.7 (a) Motion of Growth Ledges, (b) When Crossing Lamellar Boundary the 
Other Phase is Formed, (c) Interface Adjusted to Local Growth Conditions, (d) 
Curvature of Lamellae can be Accommodated, after Hackney and Shiflet (1987b)
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Figure 2,8 Ferrite: Cementite: Austenite Triple Junction 
after Hackney and Shiflet (1987b)
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Chapter 3. Bainite in Steels
3.1 Introduction
Since bainite was first described by Davenport and Bain in 1930 there has been a 
large amount of controversy suiTounding the microconstituent and its growth 
mechanism. Much confusion has arisen from three separately proposed definitions, 
each of which encompasses a different group of incompletely overlapping phase 
transformation phenomena. Therefore, a microconstituent which is bainite by one 
definition may not be by another definition. In addition, even workers who agree on 
the definition of bainite still disagree on the mechanism of its formation.
Aaronson et al. (1990) noted that while much of the research on bainite covers steels, 
work has also been published on ‘bainite’ in non-ferrous alloys as defined by either 
the generalised microstmctural or surface relief definition. This has only fuelled the 
controversy. Non feiTOus ‘bainite’ is of direct relevance to this thesis, due to the 
formation of a non-lamellai' eutectoid microconstituent in Ti-X alloys.
Before it can be concluded W  bainite does exist in Ti-X alloys, it is necessary to 
consider both bainite’s definition and its growth mechanism in order that these may 
be compared with the non-ferrous microconstituent. This Chapter examines the three 
definitions of bainite in steels in addition to it^ > growth mechanism. Conclusions for 
bainite in steel are presented. Comparison can therefore be made between bainite in 
steels and non-lamellar eutectoid microstructures.
3.2 EarlvWork^
The microstmcture discovered by Davenport and Bain was described as an ‘acicular 
dark etching aggregate’, different to both pearlite and maitensite. The microstmcture 
was originally termed ‘martensite-troosite’ as it was believed to form in a similar way 
to martensite. In 1934 the microstmcture was called bainite after B.C. Bain although
 ^The review of the early work on the bainite reaction is based on the review of bainite in steels by 
Bhadeshia (1992)
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the term was not widely used. The high range and low range temperature variants of 
bainite were named ‘upper bainite’ and ‘lower bainite’ by Mehl (1939).
In 1960, bainite was generally regarded as a transformation product differing 
significantly from various forms of proeutectoid ferrite, pearlite and martensite. 
Bhadeshia (1992) summarised the early research into bainite as shown in Figure 3.1.
Bainite can be formed during isothermal transformation at temperatures where 
pearlite and proeutectoid ferrite formation is temperatures below the
martensitic start temperature. Figure 3.2 shows a TTT/ diagram for phase 
transformations in steels and therefore outlines the area of bainite formation. Upper 
bainite consists of ferrite plates with cementite particles trapped between, whereas 
lower bainite also contains fine cementite particles within the bainitic ferrite 
platelets.
Early research utilised reflected light microscopy and demonstrated that lengthening 
of bainite sheaves occurs much slower than martensitic plates (Davenport and Bain, 
1930). Bainite sheaves were shown to have irrational habit planes, the indices of 
which differed from those of martensite in the same alloy (Smith and Mehl, 1942). 
The orientation relationship between bainitic ferrite and austenite was shown to be 
similar to that between martensite and austenite (Smith and Mehl, 1942). Bainite 
plates were never found to cross austenite grain boundaries and the formation of 
bainite was, like maitensite, observed to cause the shape of the parent crystal to 
change. This shape deformation is normally referred to as an invariant-plane strain 
(Bhadeshia, 1992).
It has been shown that the degree of transformation to bainite decreases and the time 
for reaction initiation increases with increasing isothermal reaction temperature. This 
work led to the definition of the bainite start temperature (Bg). Above the bainite 
start temperature (Bg) there is no bainitic reaction.
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The early emphasis on similarities between martensite and bainite dominated 
literature throughout the 1960s. The contrasting views of Aaronson and co-workers 
had only just been presented although they have led to considerable controversy ever 
since (Aaronson, 1962; Aaronson and Domian, 1966; Aaronson, 1969; Aaronson and 
Wells, 1956, Aaronson et a l, 1970; Aaronson et a l, 1975; Aaronson et a l, 1978; 
Aaronson et a l, 1988; Aaronson et ai, 1990). Bhadeshia (1992) notes that some of 
the argument has been semantic, and is only of marginal importance; Ko’s (Ko, 
1953) proposal that the term bainite should be extended to include Widmanstâtten 
ferrite forming with a shape change (thus satisfying what Aaronson terms the shear 
definition of bainite, but contravening the reaction kinetics definition) falls into this 
category.
3.3 Definitions of Bainite
3.3.1 Introduction
The bainite transformation remains the least understood of all decomposition 
reactions of the high temperature austenite phase in steels. As noted in Section 3.1 
bainite’s definitions lead to much confusion. Therefore each definition must be 
considered in detail. Section 3.3 discusses the three definitions of bainite.
3.3.2 Generalised Microstmctural Definition
The original form of the microstmctural definition is due to Robertson (1929) and 
Davenport and Bain (1930). Aaronson et a l (1990) examined the definition based 
upon both theoretical and experimental data and generalised the microstmctural 
definition to become the diffusional, non co-operative and competitive ledgewise 
formation of the two precipitate phases formed during eutectoid decomposition. The 
unit atomic process was described to be thermally activated diffusional jumping of 
atoms across the interphase boundaries in the style of biased random walk. However, 
transfer across the interphase boundaries is limited by the details of the operative 
ledge mechanism.
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The generalised microstmctural definition of bainite states that the microconstituent 
is ‘the product o f the diffusional nucléation and the competitive ledgewise diffusional 
growth o f the two phases comprising the products o f a eutectoid reaction ' (Lee et al, 
1988). The unit atomic process is the thermally activated diffusion of single atoms.
The definition presented by Aaronson et a l (1990) is clearly incorporating a growth 
mechanism, which is unproven. Basing a definition on controversial results is not a 
sensible way forward. The only section of the microstmctural definition which can 
therefore be adopted is that bainite is a non-lamellar microstmcture resulting from 
eutectoid decomposition.
3.3.3 Surface Relief Definition
The surface relief definition of bainite describes bainite as 'the plate shaped product 
o f a shear mode of phase transformation usually taking place above the martensitic 
start temperature, as is evidenced by an invariant plane strain (IPS) relief effect 
when the plate forms at a free surface' (Ko and Cottrell, 1952; Hehemann, 1970; 
Wayman, 1970). An invariant plane is one which is unrotated and undistorted, so 
that a greater degree of fit is achieved between the austenite and ferrite. A planar 
interface traversing a crystal and having no long range elastic field produces an 
invariant plane strain (IPS) shape change for all transformations. However, when the 
shape change has a large shear component, it implies coherency at the parent / 
product interface which must be glissile. A further implication of an IPS shape 
deformation is that the product phase must be in the form of a thin plate, whose habit 
plane is the invariant plane, as this minimises the strain energy due to the shape 
change. On this definition simultaneous highly co-ordinated, non-thermally activated 
glide atoms across the advancing inteiphase boundary is the unit atomic process.
The surface relief definition originated with Ko and Cottrell (1952) although later 
workers quantified the surface upheaval as being of the IPS type (Srinivasan and 
Wayman, 1968). Bhadeshia (1981) examined bainite in steels and noted the change 
in shape, or shape deformation, observed following the transfoimation of austenite to 
Widmanstatten ferrite. Aaronson et a l (1990) described, from the surface relief 
definition, bainite as consisting of precipitate plates which produce an IPS relief
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effect when formed at a free surface. The unit atomic process is the glide of atoms 
across the advancing interphase boundaries in closely co-ordinated and sequenced 
fashion. This is agreed by all workers although Aaronson suggests that this is 
diffusional ledge migration, whilst Bhadeshia argues that this is passage of deforming 
dislocatiorSdriven by strain.
Wayman (1970) pointed out that all requirements of the phenomenological theory of 
martensite crystallography (PTMC) must be met, in order that a transformation 
product can be considered to have formed by sheai'. Particularly among ferrite and 
bainite plates fonned during the decomposition of austenite, violations of one or 
more of these formal requirements often occur. Additionally, the product of shear 
transformation must also satisfy three important derivative requirements. These 
include the absence of a change in the portion of substitutionally dissolved solutes, 
the absence of change in long-range order (particularly in substitutioi^f alloys) and the 
presence of an interphase boundary structure capable of supporting growth by a shear 
mechanism. Aaronson et al. (1990) suggested that four model phase transformations 
in substitutional alloys, which are surface relief bainite on the basis of satisfaction of 
the formal requirements, are shown not to take place by shear when these derivative 
requirements are applied. Hence, Aaronson et al. (1990) suggested that formation of 
bainite and ferrite by shear in steels should be ruled out. It should be noted however, 
that this definition is also open to detailed mechanistic interpretation.
3.3.4 Reaction Kinetics Definition
The reaction kinetics definition of bainite views the phase as 'having its own C-curve 
on a TTT diagram whose upper limiting temperature, termed “kinetic B f ’ is well 
below that o f the eutectoid temperature. Below the kinetic Bs and some lower 
temperature, inappropriately known as the “bainite finish” or “kinetic B /’ 
temperature the bainite reaction ceases entirely before all o f the austenite has 
decomposed’, Aaronson etal. (1990).
Aaronson et al. (1990) defined bainite, from the reaction kinetics definition, to be 
confined to a region 100 K to 300 K in Fe-C below the eutectoid temperature.
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Transformation to bainite is increasingly incomplete at the upper limit of the bainite 
C-curve on a TTT diagram.
3.3.5 Summarv of Bainite Definitions
The extensive conflicts among the three definitions of bainite have been reviewed by 
Aaronson et al. (1990) and have been demonstrated to be very serious. The reaction 
kinetics definition of bainite is suggested to be insufficiently general to be 
considered. However, the set of phenomena it covers is of considerable importance 
and is worth further research. Aaronson et al. (1990) state that the surface relief 
definition of bainite should be disregarded. The microstmctural definition presented 
by Aaronson et al. (1990) describes the microconstituent with respect to an unproved 
growth mechanism and must therefore be regarded as tentative.
The highlighted problems in the definition of bainite indicate the difficulties that 
exist in understanding the literature in this field of work. The controversies 
surrounding bainite are great and until the question regarding bainite’s growth 
mechanism is finally answered not all of these discrepancies will be satisfactorily 
settled. One of the aims of this current work is to find a self-consistent definition for 
bainite in steels. In addition, the non-lamellar microconstituent observed following 
the eutectoid decomposition in Ti-X alloys will be compaied with this definition in 
an attempt to answer the question ‘is the non-lamellar eutectoid microstructure 
synonymous with what we call/  term bainite in steels?'
3.4 Mechanisms of Bainite Formation
3.4.1 Introduction
Two main schools of thought have emerged regaining the mechanism of bainite 
formation. Firstly, there is the theory that the ferritic component of bainite develops 
over the whole temperature range by a diffusional ledge mechanism. Secondly, there 
is the theory that the bainite reaction is a displacive transformation controlled by the 
rate at which composition change is accomplished by carbon removal to the
33
Chapter 3. Bainite in Steels
suiTounding austenite, or by some other rate controlling process such as strain energy 
relaxation.
3.4.2 Diffusional vs Displacive
Bhadeshia (1980) deduced the existence of crystallographic degeneracy in the FCC to 
BCC transformation and suggested that this is compatible with simultaneous and 
back-to-back growth of mutually accommodating plates of Widmanstatten fenite. 
The author states that degeneracy appears to be consistent with adjacent plates being 
in the same crystallographic orientation and having habit plane poles in close 
proximity as required for the postulated growth mechanism. Bhadeshia (1981) 
attempted to confirm, experimentally, that the theoretically deduced degenerate 
variants are in fact mutually accommodating in addition to confirming the general 
predictions of the theory.
Bhadeshia (1981) applied the phenomenological theory of martensite crystallography 
(PTMC) to Widmanstatten fenite in an attempt to calculate independent variants. 
Experimental evidence suggests that adjacent variants are similarly orientated 
corresponding to the theoretical analysis which predicts variants at almost identical 
orientation in addition to twin-related variants.
Additional work by Bhadeshia (1981) examined the ‘tent-like’ surface relief of 
Widmanstatten plates by electron microscopy concluding that plates were generally 
found to be associated in groups of two or more adjacent variants in intimate contact, 
in accordance with the proposed back-to-back growth mode. In the majority of cases 
the adjacent variants were found to contain the same close-packed plane in the 
austenite, as considered to be necessary for co-operative growth. Bhadeshia (1981) 
argued that exceptions could be due to impingement effects.
It appears that Widmanstatten ferrite formation generally involves the co-operative 
growth of mutually-accommodating crystallographic variants which are usually 
similarly orientated. Bhadeshia (1981) stated that the thin-wedge morphology of 
Widmanstatten ferrite can be understood in terms of different habit plane poles of the
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back-to-back plates concerned. He also argued that, thermodynamically, 
Widmanstatten ferrite can only form with an equilibrium carbon content, so that their 
growth is carbon diffusion controlled; but an atomic coiTespondence is still 
maintained with respect to the iron atoms, in agreement with observed shape change 
effects.
Bhadeshia (1981) concluded that the growth of bainitic fenite has to be classified as 
a martensitic transformation, as its growth seems to involve full carbon 
supersaturation. In addition the macroscopic isothermal characteristics normally 
associated with bainite can be attributed to operation of a sub-unit mechanism which 
is a manifestation of the relatively low driving force available. The nucléation of 
bainite appears similar to that of Widmanstatten ferrite which may explain the 
significant crystallographic differences between martensite and bainite.
Hall and Aaronson (1991) discussed the work of Bhadeshia (1981) and suggested 
that there is no firm evidence to support the rationalization that tent-shaped relief is 
the product of a pair of plates formed back-to-back whose individual results are of 
the IPS form. Kinsmann et al. (1974, 1975) did not detect the presence of lateral 
boundaries in ferrite plates formed in Fe-C alloys even though the plates readily 
developed tent-shaped reliefs. Hall and Aaronson (1991) suggest that the only 
evidence for the lateral boundary needed to support the IPS relief explanations is 
therefore from the TEM observations of Bhadeshia (1981).
Bhadeshia and Edmonds (1979) examined the bainite transformation in silicon steel 
and noted that the extent of bainite transformation is a sensitive function of 
temperature. This is characteristic of incomplete reaction phenomenon. They 
considered this result to be particularly relevant, as there is no interference from 
carbide precipitation during the upper bainitic ferrite reaction in this alloy. Any 
precipitation of carbide would decrease the caiton content of the enriched austenite, 
thereby promoting further transformation.
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Liu et al. (1985) discussed the work of Bhadeshia and Edmonds (1979) in an attempt 
to ‘present an in-depth response to the criticisms o f bainite formation by a 
diffusional nucléation and growth process, with the ledge mechanism playing a 
major role during growth’.
Bainite has its own C-curve on a TTT diagram with a maximum temperature (kinetic 
B s )  well below the eutectoid temperature (T e). When the C-curves of pearlite and 
bainite are clearly separate the bainite transformation becomes increasingly 
incomplete as the temperature approaches the kinetic Bs with no transformation 
above this temperature. Once transformation has ceased, austenite decomposition 
also ceases for a significant interval of isothermal reaction temperature time before 
the transformation is resumed. This phenomena is termed stasis.
Boswell et al. (1968) demonstrated that in Fe-C-2 wt%Mo alloys, the cessation of the 
bainite reaction is only seen when the proportion of ferrite determined by the Lever 
Rule applied to the extrapolated boundaries of the a  + y region at the transformation 
temperature had formed. Liu et al. (1985) noted that this contradicts the kinetic 
definition of bainite. Kinsmann and Aaronson (1967) proposed that stasis is not a 
general phenomenon. This statement is supported by Liu et al. (1985).
The silicon steel, examined by Bhadeshia and Edmonds (1979), was found to exhibit 
both the upper and lower bainitic microstructures. Bhadeshia and Edmonds (1979) 
stated that both the kinetic and structural results obtained appear inconsistent with a 
growth model based on a diffusional ledge mechanism (as applied to Widmanstatten 
ferrite). Separate bainite C-curves were identified with a Bg temperature and an 
incomplete reaction. The authors continued that the formation of lower bainite by the 
apparent formation and coalescent of short transformation spikes is consistent with 
the hypothesis of growth by repeated nucléation of shear units.
Bhadeshia and Edmonds (1979) continued that the importance of the {111jy slip 
plane and observed defect structure in the retained austenite suggest transformation 
slip in the parent and upper bainite, whilst the high dislocation density and the
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occurrence of mechanical twinning in the ferrite suggests accommodation in the 
product ferrite in lower bainite. The authors suggested that these observations not 
only support formation of bainitic ferrite by a shear mechanism, but are also 
consistent with the existence of two separate C-curves for upper and lower bainite. 
Liu et a l (1985) stated that unless the actual texture is known then the physical 
meaning of the coiTelation obtained is highly uncertain. Liu et a l (1985) noted that 
as these conditions are not stated by Bhadeshia and Edmonds (1979), it is difficult to 
accept the importance of the {111 }y plane.
Dilatometric results suggest carbon enrichment of the parent austenite in both upper 
and lower bainite reactions. In upper bainite, Bhadeshia and Edmonds (1979) 
observed the enriched austenite to decompose during subsequent tempering to ferrite, 
and carbide:carbide precipitation was shown to occur at the austenite / ferrite 
interface and grow into the austenite. This behaviour appears to be consistent with 
the crystallography of the three phases found and, according to the authors, conforms 
to a generally agreed sequence for the upper bainite carbide precipitation reaction.
Bhadeshia and Edmonds (1979) concluded that the absence of e-carbide and the 
thermal stability of cementite in the lower bainite show that lower bainite in this steel 
cannot be thought of as the product of a metastable eutectoid reaction.
Liu et a l (1985) stated that although Bhadeshia and Edmonds (1979) failed to 
observe growth ledges, this was in fact due to incorrect imaging techniques and not 
that they did not exist. The ‘parallel spikes’ observed by Bhadeshia and Edmonds 
(1979) were not taken to be superledges as they were not on the habit plane but 
across the plate. Liu et a l (1985) noted that as the height of the ledges is much less 
than the spikes they wouldWdDeen vei-y difficult to resolve.
Olsen et a l (1988) examined coupled diffusion and displacive transformations 
examining transitions involving crystals containing both substitutional and interstitial 
elements theoretically in an attempt to establish the conditions under which plates 
can form with partial redistribution of the interstitial element during non-equilibrium
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nucléation and growth. A model was established which allows a calculation of the 
plate lengthening velocity for mixed diffusion and interface control, during 
displacive transformation of y ^ a .  By considering velocity functions for different 
levels of carbon supersaturations in a  and assuming a maximum velocity criterion, 
Olson et al. (1988) used the model to predict the level of supersaturation at different 
transformation temperatures during both nucléation and growth.
Olson et a l (1988) found that, for a low carbon steel, the model predicts an 
increasing interfacial velocity and supersaturation during growth with decreasing 
transformation temperature, whilst nucléation velocity passes through a maximum 
giving C-curve kinetics. Supersaturation during nucléation was seen to increase with 
undercooling the nucleus becoming fully supersaturated at the Ms temperature. 
Growth with a full supersaturation was found to be possible above the Ms 
temperature. The authors therefore concluded that the model provides a possible 
rationale for all displacive transformations in steels, namely martensite, 
Widmanstatten ferrite and bainite.
The fine microstructure of bainite makes it difficult to examine the surface relief 
introduced as bainite grows. Swallow and Bhadeshia (1996) examined i 
displacement caused by bainitic transformation by utilising a scanning 
tunnelling microscope; a method which has already been applied to maitensitic 
transformations (Yamamoto et a l, 1992a; Yamamoto et a l, 1992b; Vevecka et a l, 
1995). The results obtained by Swallow and Bhadeshia (1996) indicated a minimum 
strain energy of about 0.26 with an estimated error of ±0.02. This is consistent with 
what is expected from the phenomenological theory of martensite crystallography 
(PTMC). The shape change was not elastically accommodated, but there was 
significant deformation caused in the adjacent austenite. The authors expected the 
results to be quite general for bainite in all steels, since the yield strength of austenite 
decreases with increasing temperature.
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3.5 Summary
The bainite transformation in steels has been discussed with reference to both its 
growth mechanism and definition. The large amount of contradictory literature 
available demonstrates the discrepancies which exist when discussing bainite. 
Bainite in steels forms between the temperature at which martensite forms and that 
where pearlite forms. The formation of pearlite involves large amounts of diffusion, 
whilst the formation of martensite is diffusionless. As bainite forms between pearlite 
and martensite it is unclear whether bainite forms by a diffusional or displacive 
mechanism.
Surface relief associated with bainite was first observed in the 1950’s (Ko and 
Cottr-ali, 1952) indicating that the foimation involves shear, like martensite. Unlike 
martensite the speed of transformation is relatively slow and shows temperature 
dependence which is characteristic of diffusional transformation. This contradiction 
has led to years of controversy.
Bhadeshia (1992) suggested that the evidence based on theimodynamics, and more 
recently, atomic force microscopy (Swallow and Bhadeshia, 1996), is sufficient to 
conclude that the bainite growth mechanism is a result of diffusionless 
transformation.
The discussion of bainite later in this thesis, and the comparison with the non- 
lamellar eutectoid decomposition product from non-feiTous is alloys is broadly 
consistent with the theory of Bhadeshia that bainite is a displacive transformation. 
This conclusion is adopted due to the extensive evidence presented by Bhadeshia
(1992) to support this fact, specifically atomic force microscopy data (Swallow and 
Bhadeshia, 1996) demonstrating the shear mechanism which is operative.
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Chapter 4. Ti-X Alloys
4.1 Introduction
Much of the work completed to date on eutectoid decomposition reactions has been 
carried out on steels where the pearlite transformation is the dominant mode of 
eutectoid decomposition at higher temperatures (low undercooling). Bainite in steels 
forms primarily a lower temperatures (high undercooling). Both microconstituents 
are detected over an intermediate temperature region. This is shown schematically in 
Figure 4.1. In recent years there has been increasing interest in the eutectoid 
decomposition of Ti-X alloys. In particular, work has attempted to establish if the 
results observed for steels are typical of all eutectoid decomposition.
Ti-X systems are of particular use in the examination of eutectoid decomposition for 
a number of reasons:
1) There are many elements which foim a eutectoid with titanium.
2) The phase diagrams of the systems of interest have been accurately determined.
3) The kinetics of eutectoid decomposition are convenient in many Ti-X systems.
4) The martensite-start (Ms) temperature can, in many cases, be reduced below room 
temperature, allowing retention of the parent (bcc) phase.
A methodical, in-depth study of Ti-X systems is required along with a thorough 
review of available literature to summarise and assess the validity of previously 
presented results. From this review, an attempt will be made to determine whether 
pearlite and bainite in steels are synonymous with the eutectoid decomposition 
products observed in Ti-X alloys.
To avoid definitional problems, it should be noted that where the terms ‘pearlite’ and 
‘bainite’ are used in this Chapter they are taken directly from the literature and refer 
to the lamellar and non-lamellar microconstituents respectively. This does not 
suggest that the author of this work is assuming at the outset that the products are 
synonymous with the two microconstituents in steels. It is evident that the work
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must be examined in much more detail before such conclusions can be drawn. In 
addition, the term ‘bainite’ used by other workers, whose work is described here, is 
based upon the microstructural definition as the non-lamellar product of eutectoid 
decomposition (Davenport and Bain, 1930).
4.2 Decomposition of the High Temperature B(Ti) Phase
4.2.1 Introduction
The high temperature bcc phase, (3(Ti), is known to decompose to a number of 
different microconstituents depending on factors such as alloy composition, heat 
treatment temperature and cooling rate. The phases and microconstituents which can 
form are (i) proeutectoid a(Ti) (ii) proeutectoid intennetallic phases (Ti^Xy) (iii) 
martensite/s (iv) metastable omega phase (v) lamellar a(Ti) + Ti%Xy and non-lamellar 
a(Ti) + TixXy.
4.2.2 The Proeutectoid Alpha Transformation
The predominant form of proeutectoid a(Ti) in Ti-X alloys is side and intragranular 
plates. The size of plates is dependent on cooling rate. Annealing in the a(Ti) + 
|3(Ti) phase field results in the formation of an equiaxed structure of a(Ti) grains and 
grains of untransformed P(Ti). The latter grains will transform to side and 
intragranular a(Ti) plates.
Edge to edge sympathetic nucléation has been reported as playing an important role 
in the lengthening of proeutectoid a(Ti) plates based upon evidence obtained by 
optical microscopy (Aaronson et al, 1957). Menon and Aaronson (1986) confirmed 
these findings with TEM and revealed that the adjacent components of a(Ti) in a 
Ti-7.1 wt%Cr alloy are misorientated by angles of to 1 to 2 °. Lee and Aaronson 
(1988a) observed a similar situation during proeutectoid a(Ti) plate formation in a 
Ti-3.9 wt%Co alloy. Small angle a(Ti):a(Ti) boundaries were observed, by TEM, 
within single a(Ti) plates. Lee and Aaronson (1988a) take the indication of 
dislocation contrast at some observed boundaries to support the conclusion that they 
are of the small angle type.
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In a number of Ti-X systems ill-formed normal a(Ti) plates are increasingly replaced, 
below a certain temperature, by slender almost perfectly formed plates referred to as 
black plates. These are referred to as black plates due to their appearance following 
etching. Aaronson et a l (1957) and Aaronson (1962) observed black plates in Ti-Cr 
alloys whilst Aaronson et a l  (1958), Bunshah (1958) and Unnikrishnan et a l (1978) 
observed black plates in further Ti-X systems namely Ti-Cr, Ti-Mn, Ti-V and Ti-Mo.
Menon and Aaronson (1986) examined four hypoeutectoid Ti-X alloys; Ti-Cr, 
Ti-Mn, Ti-V and Ti-Mo. Black plates were seen to develop from P(Ti) grain 
boundaries and later intragranularly. The black plates had a higher degree of 
perfection than normal plates. Black plates resist coarsening whereas normal cc(Ti) - 
plates undergo marked coarsening. Both normal and black plates obey the Burgers’ 
orientation relationship with the parent P(Ti). Menon and Aaronson (1986) note that 
black plates have a habit plane close to {llOjp whilst normal plates have a habit 
plane close to {l lUp.
The growth foVe , of normal and black plates have been shown to be approximately 
although a discontinuity was observed by Menon and Aaronson (1986) in the 
temperature range of the morphological transition. Equivalent discontinuities in 
lengthening kinetics and morphology have been reported in Ti-Mo and Tr-Mo-Al 
alloys (Williams et a l, 1973) and Ti-6 wt%Cr (Unnikrishnan et a l, 1978).
Bunshah (1958) suggested that black plates are supersaturated a(Ti) plates which 
relieve their supersaturation during prolonged isothermal reaction, eventually 
becoming normal a(Ti). For this hypothesis to be true, lattice parameter 
measurements might be expected to indicate that the plates are compositionally 
different. This is not the case.
Menon and Aaronson (1986) presented a hypothesis on the origin of black plates 
based on thermodynamics of a(Ti) and (3(Ti) in Ti-X alloys. Menon and Aaronson 
(1986) suggested that black plates are a consequence of a doubly inflected free-
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energy composition curve for the P(Ti) phase (Figure 4.2). Menon and Aaronson 
(1986) continued by considering the Ti-Cr system, at high temperatures it is possible 
for the a(Ti) to equilibrate only with the Ti-rich portion of this curve; at sufficiently 
low temperatures a(Ti) can be in metastable equilibrium only with the Cr-rich 
portion. Simultaneous metastable equilibrium with both Ti-rich and Cr-rich p(Ti) is 
feasible at intermediate temperatures. Therefore, the hypothesis is black plates are 
a(Ti) in metastable equilibrium with Cr-rich p(Ti) and a marked decrease in the 
lattice parameter of p(Ti) of such compositions (whereas that of a(Ti) is little altered) 
appears to be responsible for replacement of the near {111} p habit plane of normal a  
with near {110}p of black plates.
The hypothesis presented by Menon and Aaionson (1986) is able to account for the 
sharp increase in lengthening rate of black plates relative to that of normal a(Ti) 
plates and the discontinuous decrease of the volume fraction of the P(Ti) matrix left 
after metastable equilibrium proportions of a(Ti) has been foimed.
Menon and Aaronson (1986) utilised TEM to examine the intei'phase boundary 
structure of both normal and black plates in a hypoeutectoid Ti-Cr alloy. Both the 
broad faces and the edges of normal plates were shown to be partially coherent. One 
array of misfit dislocations was also detected on the broad faces of black plates. 
Observations were also made on growth ledges at the broad faces of both normal and 
black plates. The average interledge spacing on the black plates was distinctly larger, 
consistent with their smaller thickness to length ratio, greater perfection of shape and 
higher lengthening rate.
4.2.3 Metastable Beta
When p(Ti) is retained upon cooling from temperatures at which the phase is stable, 
metastable phases are produced in many Ti-X alloys (where X is a transition 
element). The most common of these metastable phases is the omega phase (co).
The omega phase was first detected by Frost and co-workers (1954) in aged P(Ti) 
alloys which were unexpectedly brittle. Subsequently, the phase has been found in
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numerous alloys of the group IV transition elements Ti, Zr and Hf with other d- 
electron-rich transition elements (Shao et al, 1995)
Shao and co-workers (1995) noted the omega phase in all group IV element Ti and Zr 
based alloys containing P(Ti) stabilising elements to the right of Ti in the periodic 
table, in which the high temperature bcc phase can be retained in a metastable state at 
low temperatures by rapid cooling.
Silcock et a l (1955) and Bagaiyatski et a l (1959) have shown that the omega phase 
has a hexagonal structure although other interpretations of the crystal structure have 
been proposed. The phase shows strong similarity to P(Ti) rather than the hexagonal 
a(Ti) phase. Silcock et a l (1955) also showed an orientation relationship between 
the P(Ti) and omega phases to be:
{ l l l } p  I  I  ( 0 0 1 ) „ a n d < 1 0 1 > n  |  |  < 2 1 0 > » .
with four variants occurring.
The morphology of the omega phase is dependent upon the system in which it forms. 
For example, in Ti-Mo and Ti-Nb alloys, the phase forms as ellipsoids whilst in Ti- 
Cr, Ti-Mn and Ti-Fe alloys the phase forms as cubes.
The omega phase is considered to be coherent with the p(Ti) phase at all stages of 
growth as no interfacial dislocations are observed except at the initiation of the m- 
a(Ti) transformation.
Many workers have noticed that omega precipitation is accompanied by a shift in the 
lattice parameters of the P(Ti) phase matrix indicating enrichment of the P(Ti) phase 
in alloying elements.
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4.2.4 Martensitefs)
When very small quantities of the alloying element are present in Ti-X alloys it is not 
possible for p(Ti) to be retained upon cooling to room temperature. At these very 
low alloy compositions P(Ti) undergoes a martensitic transformation.
Four types of martensite have been reported in Ti-X alloys. The most common form 
involves a cubic to hexagonal transformation and is characterised by a habit plane 
near {334}p. This type of martensite is formed in Ti and many dilute Ti alloys 
(Williams et al, 1954). In some more concentrated alloys, two further forms of 
martensite have been observed, one with a habit plane close to (344}p e.g. Ti-Mn 
(Weinig and Machlin, 1954) and Ti-Mo (Liu, 1956; Gaunt and Christian, 1959) and 
another by a degeneration of the hexagonal 'structure of the product phase to 
orthorhombic. A . type of martensite has been observed in some commercial 
alloys, Ti-Fe (Nishiyama et al, 1967) and Ti-Mn (Hammond and Kelly, 1966) 
having a fee structure.
4.2.5 Lamellar and Non-Lamellar Microconstituents
Several workers have observed lamellar- and non-lamellar microconstituents resulting 
from the eutectoid decomposition of P(Ti) in Ti-X alloys and termed the 
microsti-uctures ‘pearlite’ and ‘bainite’ respectively. It appears that the definitions 
are based purely on morphology, i.e. whether the product is lamellar or non-lamellar, 
and not on factors such as crystallography and growth mechanism.
In order to assess whether the products are synonymous with pearlite and bainite in 
steels they must be examined in detail. The lamellar and non-lamellar 
microstructures are discussed fully in Sections 4.3, 4.4 and 4.5 of this Chapter.
4.3 Eutectoid Allovs
Work has been performed by a number of authors on the decomposition of eutectoid 
and near eutectoid Ti-X alloys. Franti et a l (1978) examined eutectoid 
decomposition in various Ti-X systems and suggested that the study was undertaken 
to ‘provide a better understanding o f the conditions under which the ‘pearlite ’ or
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’bainite’ reaction is the dominant mode of eutectoid decomposition’. Table 4.1 
summaiises compositions of the near eutectoid alloys examined by Franti et al. 
(1978) in addition to the eutectoid decomposition products observed. In Ti-Co, Ti- 
Cr, Ti-Cu, and Ti-Fe alloys ‘pearlite’ was the only eutectoid decomposition product 
observed from the eutectoid to Ms temperature or to temperatures where the reaction 
became unacceptably slow. In the near eutectoid alloys of Ti-Ni, Ti-Pd and Ti-Pt 
‘bainite’ was observed.
Table 4.1 Summary of Ti-X Eutectoid Alloys and Eutectoid Decomposition Product
as Observed by Franti et a l (1978).
Alloy Wt%X At%X Eutectoid Decomposition Product
Ti-Co 9.9 8.2 ‘Pearlite’
Ti-Cr 15.0 14.0 ‘Pearlite’
Ti-Cu 7.2 5.5 ‘Pearlite’
Ti-Fe 15.0 13.1 ‘Pearlite’
Ti-Ni 6.2 5.1 ‘Bainite’
Ti-Pd 21.2 10.8 ‘Bainite’
Ti-Pt 11.9 3.2 ‘Bainite’
‘Pearlite’ nodules were observed by Franti et a l (1978) to nucleate at a(Ti) 
allotriomoiphs.
Franti et a l (1978) stated that in eutectoid alloys, ‘the driving forces for the 
precipitation o f a(Ti) and intennetallic compounds are approximately equal’. 
Therefore, even if allotriomorphs of a(Ti) precipitate first, there would be a 
significant probability that, at reasonable undercoolings below Te, precipitation of 
the intermetallic phase could begin at the interphase boundaries of the allotriomorphs 
prior to sideplate evolution. The authors also state that intermetallic phase 
precipitation is such that these sites provide the optimum opportunity for initiation of 
the evolutionary process leading to ‘pearlite’ formation and may simultaneously 
interfere with the development of a(Ti) sideplates. As the work of Franti et a l
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(1978) follows that of Hillert (1962), it is surprising the authors do not discuss the 
‘pearlite’ growth process with respect to the interpenetrating bi-crystals, proposed by 
Hillert (1962), as the dominant method of mechanism of sidewise propagation.
The work of Franti et a l (1978) suggested that ‘pearlite’ is likely to form in alloys in 
which the nucléation of the intermetallic phase at a(Ti):p(Ti) boundaries is relatively 
rapid. Hence, in TTT diagrams for such systems, start curves for the initiation of the 
proeutectoid a(Ti) and the ‘pearlite’ reaction should lie close together (or be 
indistinguishable). Franti et a l  (1978) suggested that examples of this occur in Ti- 
Co, Ti-Cu and Ti-Fe alloys of near eutectoid composition. They continued that 
separation is larger in the case of Ti-Cr, but the alloy examined was slightly 
hypereutectoid automatically precluding a(Ti) sideplate formatioti. In the near 
eutectoid Ti-Ni alloy examined, the proeutectoid cc(Ti) reaction occurs so rapidly that 
sideplate formation commences prior to the nucléation of the intermetallic phase, 
hence, according to Franti et a l (1978), ‘bainite’ forms in place of ‘pearlite’. Near 
eutectoid alloys in the Ti-Pd and Ti-Pt systems apparently form ‘bainite’ because the 
rate of nucléation of the intermetallic phase at a(Ti):p(Ti) boundaries in these 
systems is so slow that sideplate and intragranular plate structures have the 
opportunity to become well developed.
Franti et a l (1978) offer no quantification of the analysis based on separation of TTT 
curves. In addition, the work utilised only optical microscopy as an investigative tool 
which is severely limited in two ways. Firstly, TEM was not used to obtain high 
resolution images of growth interfaces and examine the crystallography of systems. 
Secondly, X-ray diffraction was not used to determine the phases present. As a result 
of these two omissions the conclusions drawn from the work of Franti et a l (1978) 
must be regarded, at best, as tentative.
4.4 Hvpoeutectoid Allovs
In seven of the eight hypoeutectoid alloys investigated by Franti et a l (1978), 
‘bainite’ was the only product of eutectoid decomposition observed in the 
temperature range between the eutectoid temperature and the Ms. In only Ti-Cu were
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both ‘pearlite’ and ‘bainite’ observed. Table 4.2 summarises the compositions of the 
hypoeutectoid alloys examined along with the eutectoid decomposition product 
observed. Formation of the intennetallic phase was observed to occur largely, if not 
entirely, at a(Ti):p(Ti) interfaces. Growth of the compound crystals was primarily 
into the solute-enriched regions of the p(Ti) matrix trapped between (usually) parallel 
plates of proeutectoid a(Ti).
Table 4.2 Summary of Ti-X Hypoeutectoid Alloys and Eutectoid Decomposition 
Product as Observed by Franti et al. (1978).
Alloy Wt%X At% X Eutectoid Decomposition Product
Ti-Bi 12.2 3.1 ‘Bainite’
Ti-Co 3.9 3.2 ‘Bainite’
Ti-Cu 6.0 4.6 ‘Pearlite’ and ‘Bainite’
Ti-Fe 5.2 4.5 ‘Bainite’
Ti-Mn 9.7 8.6 ‘Bainite’
Ti-Ni 4.0 3.3 ‘Bainite’
Ti-Pb 19.5 5.3 ‘Bainite’
Ti-Pd 16.2 8.0 ‘Bainite’
In discussing the ‘pearlite’ versus ‘bainite’ reaction in hypoeutectoid alloys, Franti et 
al. (1978) noted that the growth rates of ‘pearlite’ are very high and once ‘pearlite’ is 
nucleated it can grow at rates competitive with nearly all of those characteristic of the 
proeutectoid reaction. The principal bander to ‘pearlite’ formation therefore is the 
initiation process. As used here “initiation” refers to the foimation of critical nuclei 
of the two co-precipitating phases but also the evolution of their growth patterns into 
the co-operative mode required for the development of a ‘peailite’ colony (Hillert,
1962). Franti and co-workers compared groAvth rates of pearlite and bainite in steels 
in their work. This indicates that Franti et a l (1978) assumed the products observed 
in Ti-X alloys are synonymous with pearlite and bainite in steels.
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At reaction temperatures below Te, Franti et al. (1978) indicated that a small 
undercooling below the p(Ti) transus is normally sufficient to make side and 
intragranular plates of a(Ti) the dominant moiphology in hypoeutectoid alloys. 
Hence, as ‘pearlite’ is believed to form from allotriomorphs and not plates of the 
proeutectoid phase, the formation of ‘pearlite’ is usually prevented whereas the 
precipitation of isolated intermetallic particles at a(Ti) plates to form ‘bainite’ can 
still occur at reasonable rates. In the Ti-Cu system, the only exception found to these 
considerations, the nucléation kinetics of ‘peaidite’ were so rapid that the ‘pearlite’ 
reaction can be initiated at some grain boundary allotriomorphs in the short time 
before the possibility of ‘pearlite’ formation is stopped by the evolution of closely 
spaced side-plates from the allotriomorphs.
Lee and Aaronson (1988a) selected several of the hypoeutectoid Ti-X alloys 
examined by Franti et al. (1978) and re-examined them utilising TEM as the 
principal investigative tool. The compositions studied are shown in Table 4.3.
Table 4.3 Summary of Ti-X Hypoeutectoid Alloys and Eutectoid Decomposition 
Products as Observed by Lee and Aaronson (1988a).
Alloy Wt%X At%X Mode of Eutectoid Decomposition
Ti-Co 3.9 3.2 ‘Bainite’
Ti-Cr 7.2 6.6 ‘Bainite’
Ti-Cu 6.0 4.6 ‘Pearlite’
Ti-Fe 5.2 4.5 ‘Bainite’
Ti-Ni 4.0 3,3 ‘Pearlite’
Franti et al. (1978), who as mentioned earlier, only utilised optical microscopy as an 
investigative tool, detected ‘pearlite’ in the hypoeutectoid range of alloys only in Ti- 
Cu. In the TEM work of Lee and Aaronson (1988a) ‘pearlite’ was also observed in a 
Ti - 4.0 wt%Ni alloy. The width of the ‘pearlite’ colonies was clearly too small to be 
resolved with optical microscopy.
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Lee and Aaronson (1988a) observed proeutectoid a(Ti) with growth ledges in a dark 
field micrograph of the Ti-Fe alloy. Growth ledges were observed at the sides and 
the leading edge of an a(Ti) lath in addition to misfit dislocations, particularly at the 
edge. The growth ledges at the lath leading edge were noted to be closely and 
uniformly spaced, with an increased inter-ledge spacing at the right hand side of the 
edge and more widely and irregularly spaced at the other. Lee and Aaronson (1988a) 
deduced that, despite their relatively high lengthening rates, plate and lath edges also 
have a partially coherent structure and must grow by means of a ledge mechanism.
Lee and Aaronson (1988a) noted that these observations further document the 
ubiquity of partial coherency and demonstrate that interphase boundary structures, 
because of their complexity, must continue to be studied experimentally as well as 
theoretically in order that their structural, energetic and kinetic properties may be 
properly appreciated. It is necessaiy to consider the growth ledge stmcture actually 
present in order to account realistically for experimentally observed growth kinetics.
In considering the ‘bainite’ reaction, Lee and Aaronson (1988a) noted that in the Ti- 
Co alloy, TiiCo crystals in a given row exhibit a pronounced, but perhaps not 
complete, tendency to exhibit the same crystallographic variant. Rational orientation 
relationships were demonstrated by Lee and Aaronson (1988a) amongst eutectoid 
a(Ti), eutectoid intermetallic compound and the P(Ti) matrix in Ti-Ni, Ti-Co and Ti- 
Cr which participated in the formation of ‘bainite’. A summaiy of these orientation 
relationships is shown in Table 4.5.
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Table 4.5 - Orientation Relationship Between p, a  and Intermetallic Compound 
During ‘Bainite’ Reaction (Lee and Aaronson, 1988a).
Alloy System P a  Intermetallic 
Compound
Ti-4.0 wt% Ni (0 1 l)p 1 1 (OOOl)a 1 1 (0 1 l)r,:M 
[1 1 Up 1 1 [ 1 2 1  0]„ II [111]  r.m,
Ti-3.9 wt% Co (0 1 l)p 1 1 (0 0 0 1)„ II ( O i l )  rncc
[1 1 ï]p 1 1 [11 20]„ II [11 Ï]  me.
Ti-7.15 wt% Cr (0 1 Dp 1 1 (OOOl)a 1 1 (0 1 Dmcr
[1 1 T]p 1 1 [11 20]„ 1 1 [2 1 T]
While the orientation relationships determined during the work of Lee and Aaronson 
(1988a) developed during intermetallic precipitation at a(Ti) sideplates and / or 
intragranular plates, according to Aaronson et al. (1978) and Aaronson (1962), the 
differences between grain boundary allotriomorphs and the various plate 
morphologies of a given precipitate phase are not fundamental. It was not initially 
considered that the ratio of disordered boundary area to partially coherent boundary 
area is appreciably higher for allotriomorphs than for plate moiphologies (Aaronson 
et al., 1978; Aaronson, 1962). Further work revealed that the areas of allotriomoiph ; 
matrix boundaries which appear curved at low magnifications (and are presumably 
disordered) may actually be made up of many closely spaced ledges and, therefore, 
are partially coherent (Furuhara et al, 1986).
Lee and Aaronson (1988a) noted that a grain-boundary allotriomorph usually has a 
“standard” low index type orientation relationship with respect to the adjacent matrix 
grain. When carbides form at the high index orientation boundary of an 
allotriomorph, a different “non-standard” set of orientation relationships is expected 
between the carbides and the fern te and the austenite lattices. However, when the 
carbides form at that broad face of an allotriomorph which has the “standard” low 
indice orientation relationship with respect to its austenite grain, the same types of 
orientation relationships amongst the three phases are found as when the carbides 
nucleate at proeutectoid ferrite sideplates and intragranular ferrite sideplates and
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intragranular plates appear likely according to Lee and Aaronson (1988a). These 
considerations appear to be consistent with the absence of usual orientation 
relationships found during the work of Lee and Aaronson (1988a) where the 
intermetallic compound crystals were nucleated only at a(Ti) plate morphologies.
When growth of the two product phases of a eutectoid reaction by the ledge 
mechanism was introduced into a linearised concentration gradient analysis (Hillert, 
1972) of the edgewise growth of pearlite, it was found that the two phases can grow 
side by side at the same rate only when the ratio of the height (h) to the average inter­
ledge spacing (1) on the interphase boundaries of both is the same. (This statement is 
based upon the assumption that equilibrium proportions of the two product phases 
are formed). In the case of ‘bainite’, it is suggested that these ratios are seen to 
differ. The phase with the higher ratio grows more rapidly and thus tends to overgrow 
the other phase and terminate its access to the matrix. This normally leads to 
renucleation of the slower growing phase at the interphase boundaries of the faster 
growing phase. This theoretical analysis presented would predict that in the Ti-Co 
and Ti-Cu ‘bainites’ examined by Lee and Aaronson (1988a) the appropriate foim of 
the h / X relationship would be significantly less for the compound than for a(Ti). 
According to Lee and Aaronson (1988a), the kinetics with which the eutectoid a(Ti) 
suiTOunds the eutectoid compound ciystals in these alloys proved to be too rapid to 
peimit the TEM observations required to test this prediction.
Eutectoid a(Ti) was observed by Lee and Aaronson (1988a) to be slightly 
misorientated with respect to immediately adjacent proeutectoid a(Ti). According to 
the authors, this suggests that eutectoid a(Ti) foimation in Ti-X ‘bainite’ may occur 
by sympathetic nucléation at proeutectoid a(Ti):p(Ti) boundaries rather than by 
continued growth of the proeutectoid a(Ti) crystals.
‘Pearlite’ was only observed in the hypoeutectoid Ti-Cu system in the work of Franti 
et a l (1978). In the work of Lee and Aaronson (1988a) ‘pearlite’, the width of whose 
colonies were too fine to be observed under optical microscopy, were noted in the Ti-
4.0 wt%Ni system by utilising TEM. Colonies whose lamellae were perpendicular to
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the broad faces of the proeutectoid a(Ti) plates against which they formed in addition 
to colonies whose lamellae were parallel to the plate broad faces, Lee and Aaronson 
(1988a) argued that the latter two colonies evolved from grain-boundary a(Ti) 
allotriomoiphs located outside the electron - transparent area of the thin foil. In 
addition, the TigNi lamellae of the first ‘pearlite’ colony almost certainly nucleated at 
the partially coherent broad faces of the proeutectoid a(Ti) plates if not within the 
thin foil then not too far from its limits. Lee and Aaronson (1988a) note that the 
observation that such boundaries do not favour ‘pearlite’ formation, so Hillert’s 
(1962) work must be reconsidered with respect to Ti-X systems.
Diebold et a i (1978) examined the same composition near- eutectoid Ti-Ni alloy used 
by Franti et al. (1978). The alloy was cold rolled to 80% and subsequently heat 
treated for 7 days at 5 °C above the eutectoid temperature to produce a recrystallized 
a(Ti)+p(Ti) microstmcture. Several isothermal treatments were subsequently 
completed in the temperature range 763 - 625 °C (1036 - 998 K) prior to quenching. 
In specimens heat treated at 750 °C (1023 K) the usual ‘bainite’ microstructure was 
replaced by what appeared to be degenerate ‘pearlite’ developing from recrystallized 
allotriomorph-like proeutectoid a(Ti) ciystals. Diebold et al. (1978) suggest that this 
supports the views of Hillert on the evolution of ‘pearlite’ and ‘bainite’ where 
‘pearlite’ is suggested to form from allotriomoiphs whilst ‘bainite’ foims from 
intragranular plates (Hillert, 1957; Hillert, 1962).
Lee and Aaronson (1988b) re-examined the work of Diebold et at. (1978) and 
although the composition examined during this work was clearly near eutectoid the 
authors continually referred to it as a hypoeutectoid alloy. In addition, Lee and 
Aaronson (1988b) stated that they heat treated specimens at 730 °C (1003 K), 5 °C 
above the eutectoid temperature. As the eutectoid temperature for Ti-Ni is 765 °C 
(1038 K) this temperature is cleaiiy too low.
Lee and Aaronson (1988b) suggested that the microstmcture termed degenerate 
‘pearlite’ by Diebold et al (1978) is in fact ‘bainite’. In addition, the authors noted 
that the drastic compacting of proeutectoid a(Ti) morphologies obtained by the
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processing technique permitted 'bainite' to develop as nodules instead of the usual 
“plating out” of the bainite' a(Ti) + Ti2Ni stmcture on previously formed 
proeutectoid a(Ti) plates and allotriomorphs. This highlights the complexities of 
distinguishing between ‘pearlitic’ and ‘bainitic’ microstmctures. It is clear that these 
results require further examination and that experiments should be repeated on 
additional Ti-X alloys.
4.5 Hvpereutectoid Allovs
Literature available on hypereutectoid Ti-X alloys is extremely limited in comparison 
with that of hypoeutectoid and eutectoid alloys.
Lee and Aaronson (1988c) examined a hypereutectoid Ti-25 wt%Cr alloy and noted 
that the growth kinetics of eutectoid a(Ti) in ‘bainite’ nodules formed in Ti-25 
wt%Cr are cleaiiy faster than those of eutectoid TiCi2 in the temperature range 
investigated. Hence, TiCr2 crystals are repeatedly overgrown and denied further 
access to the matrix p(Ti) phase. In addition, the elongated appearance of many 
eutectoid TiCr2 crystals indicated that they do not grow much less rapidly than 
eutectoid a(Ti). Therefore, supersaturation of P(Ti) at eutectoid a(Ti):P(Ti) 
boundaries with respect to TiCr2 precipitation does not develop rapidly. Lee and 
Aaronson (1988c) commented that it is not surprising that the renucleation kinetics of 
eutectoid TiCr2 at these boundaries are comparatively slow. However, repeated 
renucleation of TiCr2 does occur as an integral part of the ‘bainite’ nodule 
development process.
As observed in a hypoeutectoid Ti - 7.15 wt%Cr alloy (Lee and Aaronson, 1988a), 
the eutectoid a(Ti) component of ‘bainite’ nodules in the work of Lee and Aaronson 
(1988c) is subdivided into crystals which are separated by low angle boundaries. Ina n d  P \om osorv
comparison to the results of Menon/(1987) on the contribution of edge-to-edge 
sympathetic nucléation to the lengthening of proeutectoid a(Ti) plates it appears that 
eutectoid a(Ti) crystals may have formed initially by sympathetic nucléation at facets 
on proeutectoid a(Ti) crystals and subsequently at similar immobile boundaries on 
each other.
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The findings of Lee and Aaronson (1988c) that intennetallic ciystals associated with 
a given ‘bainite’ nodule can have different spatial orientations agrees with eaiiier 
findings in ferrous bainites associated with grain boundaiy ferrite allotriomorphs 
(Honeycombe, 1976) though not with ferrite plates (Huang and Thomas, 1977). This 
is very different from the situation in ferrous pearlite where each eutectoid phase 
occupies one variant of its orientation relationship with respect to the other eutectoid 
phase and the matrix in a given colony (Mehl and Hagel, 1956). In the work of Lee 
and Aaronson (1988c) this condition is fulfilled only by eutectoid a(Ti).
In examining the interphase boundaiy stmcture, Lee and Aaronson (1988c) noted the 
presence of ledges on a eutectoid a(Ti):P(Ti) boundary. Misfit dislocations were 
also observed between the ledges. The authors note that although simultaneous 
imaging of misfit dislocations and ledges at eutectoid TiCr2:p(Ti) interfaces was not 
achieved, there is little doubt that both are present at these boundaries as well as at 
eutectoid a(Ti):P(Ti) boundaries.
4.6 ‘Pearlite’ vs. ‘Bainite’ - The Growth Kinetics
Lee et a i (1988) examined the ‘bainite’ reaction in Ti-X alloys, where X represents 
Co, Cr, Cu or Ni. The analysis presented attempts to demonstrate that a basic 
distinction between the lamellar (‘pearlitic’) and non-lamellar (‘bainitic’) modes of 
eutectoid decomposition can be achieved by comparing the ratios of the growth ledge 
height, h, to the average spacing between growth ledges, X, on the two product 
phases foimed during these eutectoid reactions. Recent work on pearlite, as 
discussed in Chapter 2, Section 2.7, has revealed ledges shared between the two 
phases. Lee et a l (1988) suggested that the two eutectoid phases in ‘bainite’ appear 
to grow by a system of independent ledges.
The treatment of the growth kinetics of ‘pearlite’ and ‘bainite’ by Lee et al. (1988) 
relates closely to the Pick’s First Law treatments of the edgewise growth of pearlite 
published by Hillert (1972), although two modifications were introduced. Firstly, 
growth was considered to occur solely by a ledge mechanism and, secondly, the
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growth of the two product phases produced by eutectoid decomposition was 
considered to initially be decoupled. This possibility, and the difficulties arising 
when growth of these phases is recoupled was seen to result directly from 
introduction of the ledge mechanism.
The matrix phase was referred to as y and the two product phases as a  and p (a  being 
the more voluminous or solvent poor phase relative to y). It was assumed that 
initially both a  and p crystals are in contact with the y matrix and appear alternately. 
Finally, effects arising from variations in molar volume were ignored.
For volume controlled diffusion and boundary controlled diffusion the inclusion of 
the ledge mechanism allows Ga co be equal to Gp and from this it can be shown that 
‘pearlite’ can grow when hJXa = hp/Xp. Similarly for G« ^  Gp, the basic condition 
for ‘bainite’ growth is hJXa ^  hp/Xp.
Lee et al. (1988) state that given that h.JXa ^  hp/A,p for ‘bainite’ growth, one product 
phase (a) grows faster than the other (y) terminating the access of the slower phase to 
the parent (p). This, results in the local supersaturation of y with respect to p and the 
renucleation of y occurs. This cycle repeats resulting in the microstmcture termed 
‘bainite’.
When Lee et al. (1988) applied this treatment they deduced that the ratio of growth 
rate of eutectoid a  to eutectoid p and the rate of p renucleation influence the 
morphology of ‘bainite’ as shown in Figure 4.3. When G« / Gp > 1 the product of 
eutectoid decomposition changes from ‘pearlite’ to ‘bainite’. Lee et al. (1988) stated 
that at intermediate values p crystals can grow alongside a  before becoming 
overwhelmed by neighbouring a  crystals. This will result in plates or rods of the p 
phase of restricted length. If a-y Jp* is high, gaps between ends of a  plates should be 
small. This could result in a “partially lamellai”  microstmcture but according to Lee
et al. (1988) it is still termed ‘bainite’. «x-t t's Q3 Üvfi vStCGCkj s ta le
rate oP Te-nuLcteabLon, op (3 a t  ba^adaaes.
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Lee et a l (1988) continued by considering the effect of h / 1 when the volume 
fraction of the slower growing phase is relatively large. The solute drag like effect 
introduced by alloying elements is believed to be operative and the plate morphology 
is largely suppressed and grain boundary allotriomorphs are the predominant 
morphology. When / Gp »  1 Lee et a l (1988) state that a different set of 
‘bainite’ structures are observed, as shown in Figure 4.4. When a-y Jp* is very low 
the “divorced eutectoid” stmcture appears. When a-y Jp* is higher, the p phase can 
become a more equal partner to a  and with an increase in a-y Jp* a similar, but finer 
scale, microstmcture is expected.
Lee et a l (1988) stated that 'although much importance is attached to the difference 
in upper and lower bainite in steels, this microstructural change evidently derives 
from a morphology transition occurring in the ferrite phase’. Whether this transition 
occurs in individual ferrite plates or because of a change in sites most favourable for 
sympathetic nucléation, or both, is not known. It has been noted that a morphology 
transition occurs in proeutectoid a  plates in Ti-X alloys at low temperatures and this 
required further examination. It can clearly be seen that study of both ‘pearlite’ and 
‘bainite’ growth in Ti-X alloys are exceptionally complicated.
Lee and Aaronson (1988c) attempted to clarify the theory of h / À determining the 
eutectoid decomposition product by utilising TEM to re-examine the same alloy as 
examined by Diebold et a l (1978). The microstmcture, believed by Diebold et a l 
(1978) to be degenerate ‘pearlite’, was reclassified by Lee and Aaronson (1988b) to 
be ‘bainite’ as repeated termination of the length of TiiNi plates by eutectoid 
decomposition is evident. In addition, P(Ti) was detected in large areas and not as in 
conventional heat treatments where it is confined to this plate-like regions between 
closely spaced a(Ti) plates. Also, TigNi crystals are approximately equiaxed rather 
than elongated.
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4.7 Alloy Systems
4.7.1 Ti-Co Alloy System
The Ti-Co binary phase diagram, as by Murray (1987), is shown in
Figure 4.5. The eutectoid reaction under investigation is:
p (T i)o a (T i)  + Ti2Co
with a eutectoid composition of 9.9 wt%Co and a Te of 685 °C (958 K).
The cph solid solution, a(Ti), is stable below 882 °C (1155 K). The solubility of Co 
in a(Ti) has been estimated to be less than 0.9 wt%Co by Orrell and Fontana (1955). 
The effect of Co on a(Ti) lattice parameters has not been reported and therefore the 
value is taken from cph Ti to be a = 2.950 Â c = 4.686 Â.
The bcc solid solution, p(Ti), is stable in pure Ti above 882 °C (1155 K). The 
maximum solubility of Co in P(Ti) is 17.2 wt% at 1020 °C (1293 K). The lattice 
parameter of p(Ti) is shown to be 3.132 Â. Cxt ro o m  k.empe.rofcu.re.
Wallbaum (1941) identified T^Co as a complex fee structure with 96 atoms per unit 
cell and as a stable equilibrium phase. The lattice parameter is seen to vary with 
composition as shown in Table 4.6.
Table 4.6. Effect of Composition on Lattice Parameter of Ti2Co.
Composition / wt%Co Lattice parameter /  À
37.7 11.283
37.8 11.290
38.0 11.300
Nikolin (1977) found that, although cph martensite is foimed in the composition 
range 100 to 98.4 wt%Co, a faulted structure appears between 98.4 and 96.7 wt%Co 
and from 96.7 - 94.2 wt%Co the martensite has a 126 layer rhombohedral stmcture. 
Orrell and Fontana (1955) noted that additions of 6 - 8.5 wt%Co were required in
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order to surpress the martensite transfomiation and stabilise the P(Ti) phase at room 
temperature.
TTT diagrams for hypoeutectoid and eutectoid compositions close to the 
compositions utilised in this work, as determined by Franti et a l (1978) are shown in 
Figures 4.6a and 4.6b. No TTT data exists for the hypereutectoid composition Ti-Co 
alloy.
4.7.2 Ti-Cr Alloy System
The Ti-Cr binary phase diagram, as rev i^w ^^by Murray (1987), is shown in Figure 
4.7. The diagram is based on least-squares optimisation of thermodynamic functions 
with respect to experimental data. Because of the good agreement with chosen 
experimental data, over most of the composition range, the calculated diagram is 
preferred where there are slight discrepancies. The eutectoid decomposition reaction 
under investigation is;
P (T i)o a (T i)  + TiCi'2
where the eutectoid composition is 13.4 ± 0.5 wt% Cr and the Te is 667 ± 10 °C 
(940 K).
m y  over a
In the bcc p (Ti.Cr) solid solution, Cr and Ti are completely miscibla The bcc solid 
solution will be designated p(Ti) throughout this work. The lattice parameter of 
p(Ti) is seen to vary with Cr content as shown in Figure 4.8.
In the cph a(Ti) solid solution, Cr has a small solubility which prevents 
determination of the effect of Cr content on the lattice parameter, the lattice 
parameter of this phase is therefore, taken from the cph Ti phase, to be a = 2.950 À 
c = 4.686 Â.
The aTiCr2 is a fee Laves phase with the C15 structure. The lattice parameter of 
aTiCr2 has been found to be a = 6.957 Â with 24 atoms per unit cell (Duwez, 1953).
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Groups of 4 Cr atoms occupy lattice sites which would normally be occupied by 
single atoms in the simple bcc or hexagonal lattice.
The cph phase (a'Ti) can form martensitically during quenching from the p(Ti) field. 
The P(Ti) phase cannot b^fally^jjetained during quenching unless the Cr content 
exceeds 6.5 wt% (Duwe^ 1952; Thyne etaL, 1952; Kolachev and Lyastoskay, 1966; 
Ericksen ûs/., 1969).
TTT diagrams for hypoeutectoid and eutectoid compositions close to the 
compositions utilised in this work, determined by Franti et a l (1978) and Aaronson 
et a l (1960) are shown in Figures 4.9a and 4.9b. No TTT diagram data is available 
for the hypereutectoid Ti-Cr alloy.
4.7.3 Ti-Mn Allov Svstem
The Ti-Mn binary phase diagram, as by Murray (1987), is shown in
Figure 4.10, Phase boundaries marked with a dashed line have not been fully 
determined experimentally. The diagram is drawn from Gibbs energies optimised 
with respect to select phase diagram data. The eutectoid reaction under investigation 
is:
P(Ti) a(Ti) + aTiMn 
where the eutectoid composition is 16.8 wt%Mn and Te is 550 °C (823 K).
The bcc p(Ti) is stable in pure Ti above 882 °C (1155 K) with a maximum solubility 
of Mn in P(Ti) of 32.9 wt%Mn at 1174 “C (1447 K). The lattice parameter of p(Ti) 
are seen to vary with composition as shown in Table 4.7.
Table 4.7 Lattice Parameter of P(Ti) after Muixay (1987)
at% Mn a /A
5.4 3.242
6.1 3.244
8.9 3.232
11.6 3.212
13.3 3.203
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The Ti-rich low temperature cph a(Ti) solid solution has a maximum solubility of 
Mn in a(Ti) of 0.46 wt%. The solubility of Mn in a(Ti), like many transition 
elements, is extremely restricted and no significant measurements of the effect of Mn 
on parameters of a(Ti) can therefore^ade. The lattice parameters of the a(Ti) phase 
af®- taken from the cph Ti phase and they are a = 2.950 Â c = 4.686 Â.
The near equiatomic intermetallic compound aTiMn has a composition of 53.9 
wt%Mn. aTiMn was first reported to be a a  phase (Elliott and Rostoker 1953, 
Rostoker et al. 1953) but work by Waterstrat et al. (1962) argued that a large 
tetragonal cell structure coiTesponding to a (j) phase of the Hf-Re system allows the 
diffraction pattern to be more successively indexed. The lattice parameter of aTiMn 
is a=  8.19 A c  = 12.81 A.
In some Ti systems, depending on alloy composition, either a cph (a'Ti) or an
oithorhombic (a'Ti) structure forms martensitically during quenching of (3(Ti). In
Ti-Mn only the (a'Ti) martensite has been reported. Acording to Duwez (1953) and
Ageev and Smirnova (1962) B(Ti) is retained to room temperature when the Mnmodensrk:
content exceeds 4.5 - 5.5 wt% and^ i^s therefore not relevant to this work.
A TTT diagram for the hypoeutectoid alloy utilised in this work, as determined by 
Franti et al. (1978) is shown in Figure 4.11. There are no corresponding diagrams for 
either the eutectoid or hypereutectoid alloys.
4.8 Summarv
As described in Chapter 4, a large amount of literature has been published on 
eutectoid decomposition of Ti-X alloys. The literature presented is summarised in 
Table 4.8.
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Table 4.8a Summary of Literature on Eutectoid Ti-X Alloys.
Author Summary
Franti et al. (1978) • Examined 7 different eutectoid alloys
• ‘Peaiiite’ formed in 4, ‘bainite’ formed in 3
• ‘Pearlite’ and ‘bainite’ not observed together in any 
system
® ‘Pearlite’ observed forming from allotriomoiphs
« Suggested ‘pearlite’ or ‘bainite’ forms based upon 
driving forces for a(Ti) and intermetallic phase 
formation. If driving forces approximately equal 
‘pearlite’ will form, if not ‘bainite’ will form.
Table 4.8b Summary of Literature on Hypoeutectoid Ti-X Alloys.
Author Summary
Franti et al. (1978) • Examined 8 hypoeutectoid alloys
• 7 alloys formed ‘bainite’, 1 alloy, Ti-Cu formed ‘pearlite’ 
and ‘bainite’
® Suggested ‘pearlite’ or ‘bainite’ formation based upon 
‘pearlite’s’ initiation and growth
« Principal barrier to ‘pearlite’ fonnation suggested to be 
its initiation. Once ‘pearlite’ growth has initiated can 
grow very quickly.
• If ‘pearlite’ does ^not have a chance to initiate, . (as 
a(Ti) plates fom^/results in ‘bainite’.
Lee and Aaronson 
(1988a)
• Examined 5 hypoeutectoid alloys, 2 formed ‘pearlite’, 3 
formed ‘bainite’.
® Authors disagree with Franti et a l  (1978) and suggested 
that Ti-Ni forms ‘pearlite’ not ‘bainite’.
® Orientation relationships between all three phases were 
determined for Ti-Ni, Ti-Co and Ti-Cr 
» Authors suggested that, based on crystallographic 
evidence, differences between grain boundary 
allotriomoiphs and plates morphologies are not 
fundamental.
Diebold et a l (1978) • Examined thermomechanically treated hypoeutectoid Ti- 
Ni and suggested that ‘bainite’ is replaced by degenerate 
‘pearlite’
Lee and Aaronson 
(1988b)
• Re-examined thermomechanically treated microstructure 
as produced by Diebold et a l (1978) and suggested that it 
is not degenerate ‘pearlite’ but ‘bainite’.
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Table 4.8c Summary of Literature on Hypereutectoid Ti-X Alloys.
Author Summary
Lee and Aaronson 
(1988c)
• Examined Ti-Cr and observed ‘bainite’.
* Two different orientation relationships were determined 
between the three phases.
e Plates suggested to form by sympathetic nucléation due 
to the presence of low angle boundaries in association 
with slight misorientations from one side of the boundary 
to the other.
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AND BAINITE
BAINITE
%CFe
Figure 4.1 Schematic phase diagram showing locations of 
pearlite and bainite formation in steels.
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Figure 4.2 Calculated free energy-composition diagrams for the Ti-Cr system 
showing G“ and curves, (a) At 1000 K only one common tangent between a  and 
pi can be constmcted; (b) at 950 K three common tangents (1,2 and 3) between G“ 
and G^ can be constructed and Î (c) 850 K, only one common tangent between a  and 
Pz can be constructed, after Menon and Aaronson (1986).
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i n t e r m e a i a t e
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Figure 4.3 Variation of the eutectoid microstructure with Ga/Gp and Jp* when the 
volume fraction of P(Ti) is small after Lee et al (1988).
Low
Figure 4.4 Variation of the eutectoid microstructure with Ga/Gp and Jp* when the 
volume fraction of p(Ti) is large after Lee et al (1988).
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Figure 4.5 Ti-Co phase diagram after Murray (1987).
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Figure 4.6a TTT diagram for Ti-Co eutectoid alloy after Franti et a l  (1978) 
a  = a(Ti), p = P(Ti), P = pearlite.
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(X 600
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Figure 4.6b TTT diagram for Ti-Co hypoeutectoid alloy after Franti et al. (1978)
a  = a(Ti), p = P(Ti), B = bainite.
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Figure 4.7 Ti-Cr phase diagram after Murray (1987).
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Figure 4.8 Lattice parameter of P(Ti) in Ti-Cr alloys after Murray (1987).
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Figure 4.9a TTT diagram for Ti-Cr eutectoid alloy after Franti et al. (1978) 
P = P(Ti), cpd = intermetallic compound, P = peaiiite.
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Figure 4.9b TTT diagram for Ti-Cr hypoeutectoid alloy 
after Aaronson et a l (1960) a  = a(Ti), p = P(Ti).
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Figure 4.10 Ti-Mn phase diagram after Murray (1987).
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Figure 4.11 TTT diagram for Ti-Mn hypoeutectoid alloy after Franti et a l  (1978)
a  = oc(Ti), P = p(Ti), B = bainite.
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5.1 Introduction
In order to complete a thorough investigation of eutectoid decomposition in Ti-X 
alloys, it is necessaiy to vary many details including alloying elements and 
composition, in addition to the details of the heat treatment. A variety of 
investigative techniques must also be employed to include phase identification and 
both high and low level resolution microscopy.
5.2 Allov Svstems
The three alloy systems examined during this work, Ti-Co, Ti-Cr and Ti-Mn, were 
prepared by arc melting, with each alloy being inverted six times. Impurity levels 
within the alloys were known to be <1000 ppm oxygen, <100 ppm hydrogen and 
<50 ppm carbon. Three compositions from each alloy system were produced to give 
hypoeutectoid, eutectoid and hypereutectoid compositions. A summary of alloy 
compositions is shown in Table 5.1.
Table 5.1 Summary of Ti-X Alloy Compositions wt% (at%)
Ti-Co Ti-Cr Ti-Mn
Hypoeutectoid 3.9 (3.2)' 7.1 (6.6)' 9.7 (8.6)'
Eutectoid 9.9 (8.2)' 14.0 (13.0)' 16.8 (15.0)^
Hypereutectoid 14.0(11.7)^ 23.1 (21.7)^ 19.2(17.2)"
1 Examined by previous workers (Franti et ai,  1978; Lee and Aaronson, 1988a)
2 From Phase Diagram
3 Selected to achieve 35% Proeutectoid 65% Eutectoid
5.3 Heat Treatment
5.3.1 Introduction
A variety of heat treatments were conducted to examine the products of eutectoid 
decomposition, the effect of proeutectoid phases upon the final eutectoid 
microstructure and the effect of cooling rates on the final microstmcture. Differences 
were achieved by varying times and temperatures of heat treatment below the
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eutectoid temperature. In addition, specimens underwent a combination of 
mechanical treatment (cold rolling) and heat treatment to examine the effect of 
proeutectoid moiphology of the eutectoid decomposition product. Full summaries of 
heat treatments for Ti-X alloy are presented in Chapters 6, 7 and 8.
5.3.2 Isothermal Heat Treatments
Prior to heat treatments all specimens were solution treated for 1 hour at 975 °C
(1248 K) in the p(Ti) single phase region. Solution treatments were completed in a
muffle furnace under air. Specimens were subsequently quenched into a barium
chloride salt at the desired temperature controllable to within ±1 °C. The use of a
salt bath allowed the required reaction temperature to be reached quickly. The
dimensions of specimens heat treated in the salt bath were 10x10x5 mm .^ Specimens
were transfeiTed to the salt bath from the furnace by a Al-Ni or Al-Cr wire wrapped
around the specimen and were held in this way until the reaction time had been
reached. Following heat treatment inside the salt bath, specimens were quenched in 
water. Ti:mpefUtu.re ro o a e  t6 ^ e s  o F K eat t r e a tm e n t P o reaan  aU oyare 
CnCiUjtCULC) ^  m m  re su lts  CKapver.
5.3.3 Slow Cooling Experiments
As in the isothermal heat treatments, specimens were solution treated in the single 
phase P(Ti) region for 1 hour. Specimens were cooled at 0.5 °C min'* to room 
temperature in air.
5.3.4 Effect of Proeutectoid Structure
As discussed in Chapter 4, the morphology of proeutectoid phases has been 
suggested as effecting the eutectoid decomposition product. Two separate treatments 
were conducted to test this hypothesis. Firstly, following solution treatment, 
hypoeutectoid and hypereutectoid specimens were held at a temperature slightly 
above that of the eutectoid (T e )  in order to encourage proeutectoid formation before 
isotheiinal heat treatment below the eutectoid temperature. Secondly, hypoeutectoid 
specimens of Ti-Co and Ti-Cr were cold rolled before heat treatment slightly above 
the eutectoid temperature to produce a recrystallised P(Ti) + proeutectoid 
microstructure. Subsequently, specimens were either quenched to a temperature
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slightly below the eutectoid temperature or immediately water quenched. Following 
heat treatments specimens were also water quenched.
5.4 X-ray Diffraction
X-ray diffraction was utilised to determine the phases present following heat 
treatment in addition to the calculation of lattice parameters. All specimens were 
examined by X-ray diffraction.
A Philips diffractometer was used with a slit of 1 mm. An operating voltage of 
46 keV and cuixent of 35 mA were used with copper K a radiation being used as 
standard. All specimens were scanned between 20 values of 10 and 100 degrees at a 
scan rate of 1.0 degree per minute. - ;
Results were analysed using Traces v4i'^ software enabling exact peak positions and 
relative intensities to be measured. In addition K a2 peaks were stripped from traces 
at a ratio of 0.55.
5.5 Reflected Light Microscopy (RLMl
Prior to reflected light microscopy, specimens were mounted in bakelite and polished 
using standard metallographic polishing techniques using 6 grades of SiC paper 
followed by 6 pm and 1 pm diamond spray on cloth. As phases could not be 
distinguished following polishing, specimens were etched by immersing them in 
‘Krolls Reagent’ for approximately 20 s.
Standard reflected light microscopy was used to examine specimens using a Leica 
microscope. Images were recorded using 35mm film.
5.6 Electron Microscopy
5.6.1 Scanning Electron Microscopy (SEMI
All specimens were examined by SEM in order to determine the microstmcture in 
addition to the composition of the overall specimen and individual phases. Polished,
75
Chapter 5. Experimental Procedures
unetched specimens were examined with a Jeol 8600 Superprobe. Backscattered 
electron imaging (BEI) was used to obtain contrast between individual phases.
Compositions were determined using EDS with a ZAP correction. Individual
elements were used as standards (i.e. Ti, Cr, Co and Mn). EOS isd isp ecstve  x-ray cxaO rs orv X-rcy piuofescervoe correch'crv,
The proportion of phases present was determined by Image Analysis using a Link^^ 
system. Images were examined in BEI mode. An average of 15 individual analyses 
was determined in order to ensure accuracy of results.
5.6.2 Transmission Electron Microscopv (TEM)
Transmission, electron microscopy was utilised to examine the micr.o,structure of 
specimens at high magnifications in addition to obtaining crystallographic data such 
as orientation relationships and habit planes. A Philips EM400-T was used for this 
work at an operating voltage of 120 keV.
Specimens for TEM were produced by first sectioning slices approximately 250 pm 
with a diamond wheel on a Struers Accutom. A constant flow of lubricant was used 
to prevent the specimen from heating during sectioning. Following sectioning, 
specimens were mounted onto a polishing jig using wax and ground to 100 - 120 pm 
on wet 800 and 1200 SiC grit paper. 3 mm discs were ‘punched’ from the slices and 
any burr removed with 1200 SiC grit paper.
Electropolishing was carried out with a Struer’s Tenupol twin jet electropolisher and 
a solution of 5% perchloric acid in methanol. The optimum conditions for polishing 
were found to be 25 V at -40 °C (233 K) which gave a current of 100 mA. With 
these conditions the polishing of each specimen was found to take approximately one 
minute. Following polishing specimens were rinsed thoroughly with methanol and 
distilled water to prevent corrosion.
As electropolishing techniques are known to introduce large levels of hydrides to 
Ti-X alloys, two additional techniques were employed to ensure that specimens were
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not adversely affected by hydride formation. Firstly, specimens were electropolished 
using an acid free zinc chloride in methanol solution (Banerjee et al, 1988) and 
secondly, specimens were ion milled. Both techniques produced specimens with 
identical microstructures as produced by electropolishing with perchloric acid in 
methanol. Hence, no adverse effects of hydrides were observed.
Selected area diffraction patterns obtained during this work were indexed initially by 
a LINK'^^ system before confirmation by standard techniques.
5.7 Mechanical Properties
Microhardness was measured in order to determine any differences in mechanical 
properties between .specimens. ”  ^
Values of microhardness were determined using a Leica microhardness tester with a 
load of lOOg. Values of microhardness were calculated from the relationship
, 1854.4pHv (kg / mm ) = — ^ —
where p = load
d = average of diagonal of hardness indentation
Each value is deteimined from the average of 20 individual results to check 
uniformity of hardness across specimens in addition to ensuring overall accuracy.
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6.1 Heat Treatments
6.1.1 Isothermal Heat Treatments
Following solution treatment at 975 °C (1248 K) in the p(Ti) single phase region, 
specimens were quenched to undercooling between 5 °C and 85 °C below the 
eutectoid temperature (T e) and held at the desired temperature for between 30 
seconds and 120 minutes prior to water quenching. The eutectoid temperature for 
Ti-Co is 685 °C (958 K) (Murray, 1987). A summary of Ti-Co isothennal heat 
treatments is presented in Table 6.1. Heat treatments were completed on 
hypoeutectoid, eutectoid and hypereutectoid Ti-Co alloys, as discussed in Chapter 5.
Table 6.1 Summary of Ti-Co Isothermal Heat Treatments.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 y y y y -
620 °C y y y y -
640 °C / / y -
660 °C / / y y -
670 °C y y y y y
680 °C - - - - y
6.1.2 Additional Heat Treatments
In addition to isothermal heat treatments, specimens were solution treated at 975 °C 
(1248 K) for 60 minutes before being cooled slowly at 0.5 °C min"’ in air to room 
temperature. Further specimens were solution treated at 975 °C (1248 K) for 60 
minutes before rapid cooling to 10 °C above the eutectoid temperature (695 °C (968 
K)) in an attempt to promote proeutectoid foimation before heat treatment for 120 
minutes at 670 °C (943 K) prior to quenching in water. These heat treatments were 
again completed on eutectoid, hypoeutectoid and hypereutectoid specimens.
The effect of prior proeutectoid a(Ti) on the final eutectoid microstmcture was 
examined by cold rolling hypoeutectoid Ti-Co to 56% reduction before heat treating 
at 695 °C (968 K) for 7 days to produce a recrystallised p(Ti) + a(Ti) microstmcture.
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One specimen was quenched to room temperature, whilst the remaining specimens 
were quenched into the salt bath at three separate temperatures for 120 minutes 
before water quenching. A summary of heat treatments conducted on rolled 
specimens is shown in Table 6.2.
Table 6.2 Heat Treatments Conducted on Hypoeutectoid Rolled Specimens.
1 2 3 4
Rolled to 56% Rolled to 56% Rolled to 56% Rolled to 56%
reduction reduction reduction reduction
7 days, 695 °C 7 days, 695 °C 7 days, 695 °C 7 days, 695 °C
120 minutes, 660 °C 120 minutes, 670 °C 120 minutes, 680 °C Water Quenched
One further specimen of each alloy was solution treated at 975 °C (1248 K) for 60 
minutes prior to water quenching to determine if p(Ti) can be retained to room 
temperature for each of the three compositions examined.
6.2 Eutectoid Alloy
6.2.1 Introduction
According to the phase diagram of Murray (1987), the eutectoid composition of 
Ti-Co is Ti - 9.9 wt%Co. The eutectoid temperature is 685 °C (958 K).
Although the non-lamellar eutectoid and martensitic phases exhibit similar 
microstructures, martensite should not be observed in eutectoid specimens as (3(Ti) is 
retained as a metastable phase upon the addition of 5-6 wt%Co (Nikolin, 1997). This 
has been confirmed by water quenching specimens from 975 °C (1248 K) to room 
temperature.
6.2.2 X-rav Diffraction
Following water quenching from 975 °C (1248 K) to room temperature only P(Ti) 
was detected confirming that the high temperature phase can be retained to room 
temperature in the eutectoid composition Ti-Co alloy.
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In isothermal specimens heat-treated for 30 s at all temperatures, P(Ti) was the only 
phase detected. This indicated that the eutectoid decomposition of p(Ti) has either 
not commenced or the volume fraction of either a(Ti) or TiiCo is too small for 
detection (< 0.05).
Specimens heat treated for 5 minutes at 640 °C (913 K), 660 °C (933 K) and 670 °C 
(943 K) all contained the eutectoid phases a(Ti) and Ti2Co in addition to P(Ti) 
indicating that the reaction had not reached completion under these conditions.
In all other isothermal specimens only a(Ti) and Ti2Co were detected. Therefore, in 
these specimens, the reaction had either reached completion or the volume fraction of 
retained P(Ti) was less than approximately 0.05.
In both the eutectoid specimen solution treated before slow cooling to room 
temperature and the specimen held above the eutectoid temperature prior to 
isothermal heat in the a(Ti) and Ti2Co phase region, a(Ti) and Ti2Co were the only 
phases detected.
A summary of the phases detected for all eutectoid composition heat treatments is 
shown in Table 6.3. Lattice parameters were calculated for all specimens as 
summarised in Table 6.4. A sample of X-ray diffraction patterns is included in 
Appendix 1.
Table 6.3 Phases Detected by X-ray Diffraction in Eutectoid Specimens.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 '’C 3 a  /T i2Co a  /Ti2Co a  / Ti2Co -
620 °C 3 a  /T i2Co a  /T i2Co a  /Ti2Co -
640 °C 3 a  / Ti2Co / 3 a  / Ti2Co a  /T i2Co -
660 °C 3 a  /T iaC o/ 3 a  / TiiCo a  /Ti2Co -
670 °C 3 a  / Ti2Co / 3 a  /TizCo a  /TizCo a  / TizCo
680 °C - - - - a  / TizCo
Slow Cool to Room Temperature a  /TigCo
1 hour at 695 °C: 120 minutes at 670 ®C (943 K) a  /T i2Co
1 hour at 975 °C; water quenched 3
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Table 6.4a Lattice Parameter Measurements of 3(Ti) in Eutectoid Specimens / Â.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C a = 3.21(6) N/A N/A N/A -
620 °C a = 3.21(6) N/A N/A N/A -
640 °C a = 3.21(6) a = 3.22(3) N/A N/A -
660 °C a = 3.21(5) a = 3.21(6) N/A N/A -
670 °C a = 3.21(6) a = 3.21(6) N/A N/A N/A
680 °C - - - - N/A
Slow Cool to Room Temperature N/A
1 hour at 695 °C: 120 minutes at 670 °C (943 K) N/A
1 hour at 975 ®C: water quenched a = 3.21(5)
Table 6.4b Lattice Parameter Measurements of a(Ti) in Eutectoid Specimens / Â.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 N/A a = 2.93(7) c = 4.66(4) a = 2.94(6) c = 4.68(4) a = 2.93(6) c = 4.66(0) -
620 °C N/A a = 2.94(4) c = 4.68(5) a = 2.93(7) c = 4.66(1) a =2.94(2) c = 4.67(0) -
640 °C N/A a = 2.93(7) c = 4.66(5) a = 2.95(1) c = 4.69(2) a = 2.94(7) 0 = 4.67(2) -
660 °C N/A a = 2.93(8) c = 4.66(7) a = 2.93(7) c = 4.66(3) a = 2.94(2) c = 4.67(2) -
670 °C N/A a = 2.94(5) c = 4.68(4) a = 2.94(8) c = 4.68(5) a = 2.94(1) c = 4.67(6) a = 2.94(1) c = 4,67(6)
680 °C - - - - a = 2.94(5) 
c = 4.66(9)
Slow Cool to Room Temperature a = 2.94(8) 
c  = 4.69(2)
1 hour at 695 ®C; 120 minutes at 670 ®C (943 K) a = 2.94(3) 
c  = 4.68(8)
1 hour at 975 °C; water quenched N/A
Table 6.4c Lattice Parameter Measurements of TizCo in Eutectoid Specimens / A.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C N/A a= 11.30(7) a=  11.22(0) a = 11.25(1) -
620 N/A a = 11.27(0) a = 11.27(4) a=  11.27(9) -
640 °C N/A a = 11.25(9) a=  11.27(5) a =11.25(2) -
660 °C N/A a= 11.26(4) a = 11.26(6) a=  11.26(2) -
670 °C N/A a = 11.28(6) a = 11.26(4) a= 11.25(5) a = 11.26(6)
680 °C - - - - a=  11.27(5)
Slow Cool to Room Temperature a =11.26(7)
1 hour at 695 ®C: 120 minutes at 670 °C (943 K) a=  11.29(4)
1 hour at 975 °C: water quenched N/A
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The phases determined by X-ray diffraction have been plotted in the form of a TTT 
diagram as shown in Figure 6.1.
6.2.3 Reflected Light and Scanning Electron Microscopv
The composition of each specimen was calculated as the mean of 25 individual 
analyses determined by quantitative analysis with a ZAP correction (as described in 
Chapter 5). The composition of the alloy, determined as the average of all 
specimens, was found to be 9.88 wt%Co, which is very close to the eutectoid 
composition of 9.9 wt%Co.
In all specimens heat treated for 30 s, no distinguishing features were observed in 
what appeared to be single phase microstructures. This is in keeping with the results 
obtained from X-ray diffraction where only (3(Ti) was detected. It can therefore be 
concluded that these specimens are, in fact, single phase (3(Ti).
For specimens heat treated for 5 minutes at low undercooling, a(Ti) plates were the 
first phase to form from grain boundaries and subsequently intragranularly. The 
quantity of plates increased with undercooling. Micrographs detailing the increasing 
volume of a(Ti) plates with an increase in undercooling are shown in Figure 6.2a 
(5 minutes at 670 °C) to Figure 6.2d (5 minutes at 600 °C). At high undercooling 
additional ‘patches’ of a two phase microconstituent were observed, although too fine 
to be clearly resolved by either reflected light or scanning electron microscopy.
All specimens heat treated for 30 minutes also contained plates of a(Ti) (Figure 6.3). 
In addition to the volume of plates of a(Ti) being higher than in the 5 minute 
specimens, the volume of a(Ti) plates also increased with undercooling. This 
increase was quantified by image analysis as shown at the end of this Section. The 
two phase microconstituent observed at high undercooling when heat treating for 5 
minutes was observed in greater proportions in all 30 minute specimens, although the 
details of the microconstituent structure could still not be resolved as shown in Figure 
6.4.
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For specimens heat treated for 60 minutes, a(Ti) plates were again seen to exist in 
greater proportions than in specimens heat treated for 5 and 30 minutes. Following 
etching with Krolls reagent a(Ti) plates were clearly visible with reflected light 
microscopy as shown in Figure 6.5. The two phase microconstituent was again 
observed and covered a greater proportion of the specimen than observed following 
heat treatment for 5 or 30 minutes. In specimens transformed at low undercooling 
for 60 minutes it was just possible to resolve the two phase microconstituent to be 
lamellar as shown in Figure 6.6.
After heat treatment for 120 minutes at low undercooling, a(Ti) plates were observed 
covering a high proportion of the specimen. The two-phase microconstituent was 
observed with a clear growth interface. The structure of the microconstituent itself 
could easily be resolved to be lamellar. The lamellar microconstituent growth 
interface is shown in Figure 6.7a whilst the microconstituent itself is clearly shown in 
Figures 6.7b to 6.7d.
In specimens where P(Ti) was observed by scanning electron microscopy but not 
detected by X-ray diffraction, it can be concluded that, the volume fraction was less 
than approximately 0.05.
The specimen slow cooled to room temperature was found to contain a mixture of 
a(Ti) plates and the two phase lamellar microconstituent. The lamellar 
microconstituent was much coarser than observed following isothermal heat 
treatment.
Heat treatment slightly above Te followed by isothermal heat treatment in the a(Ti) + 
TizCo region resulted in a microstmcture identical to specimens heat treated at low 
undercoolings for 60 and 120 minutes.
Digital image analysis was performed using a Link system on all Ti-Co isothermal 
heat treated specimens in an attempt to quantify the volume of a(Ti) plates present.
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Figures 6.8a and 6.8b demonstrate the results obtained whilst Table 6.5 summarises 
the volume fraction of a(Ti) plates present.
Table 6.5 Volume Fraction of a(Ti) Plates Present Following Isothermal Heat
Treatment.
SOseconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C 0.00 0.48 0.53 0.57 -
620 °C 0.00 0.42 0.49 0.52 -
640 °C 0.00 0.39 0.46 0.49 -
660 °C 0.00 0.25 0.42 0.47 -
670 °C 0.00 0.24 0.35 0.39 0.45
680 °C - - - - 0.40
6.2.4 Transmission Electron Microscopv
Transmission electron microscopy of specimens heat treated for 30 seconds revealed 
only single phase P(Ti). Selected area diffraction (SAD) revealed diffuse scattering, 
which could indicate the presence of the omega phase. This is discussed in Section 
10.6.
Examination of specimens heat treated for 5 minutes confirmed the presence of the 
a(Ti) plates as observed by both SEM and reflected light microscopy. In addition to 
plates of a(Ti), ‘blocky’ particles of a(Ti) were also observed growing from P(Ti), an 
example of which is shown in Figure 6.9. The blocks are, however, an effect of 
sectioning and are, in fact, plates of a(Ti).
Considering specimens heat treated for 30, 60 and 120 minutes, the overall 
microstmcture observed was plates of a(Ti) separated by a two phase 
microconstituent. With TEM it was possible to resolve the two-phase 
microconstituent in addition to obtaining crystallographic data.
The main feature observed when examining the plates of a(Ti) was the presence of 
low angle boundaries. Each plate typically contained several low angle boundaries. 
Boundaries were associated with misorientations of the order of 1 - 2 ° as determined
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by convergent beam electron diffraction. The plates consistently obeyed different 
variants of the same rational orientation relationship with the parent P(Ti) phase, 
which has been reported previously (Lee and Aaronson, 1988a). An example of a 
low angle boundary is shown in Figures 6.10a and 6.10b, where dislocations across 
the boundary are clearly visible. In addition, plates were seen to have ‘jagged’ edges, 
an example of which can also be seen in Figure 6.10a. It has been confiimed that the 
plates are a(Ti) by EDX elemental analysis and selected area diffraction. A selected 
aiea diffraction pattern (SADP) for a(Ti) is shown in Figure 6.11.
The two-phase microconstituent observed growing between a(Ti) plates could clearly 
be resolved with TEM and variations as a function of undercooling were noted. For 
specimens heat treated for 60 minutes at 670 °C (943 K), 120 minutes at 670 °C 
(943 K) and 120 minutes at 680 °C (953 K) the two phase microconstituent was 
clearly a lamellar microstmcture, where the two phases were a(Ti) and TizCo. An 
example of the microstmcture is shown in Figures 6.12a and 6.12b. Areas containing 
'holes' were clearly evident demonstrating the interpenetration of the two phases as 
shown in Figure 6.13. Direction steps were clearly observed at the a(Ti)/TizCo 
interface which exhibited a habit plane as shown in Figure 6.14.
Selected area diffraction patterns (SADPs) revealed a reproducible rational 
orientation relationship, as shown in Figure 6.15.
[ 0 0 0  l ] a  II  [ I l 4 ] r » c »
( 2 1  1 0)„ 11 ( 5 1 1)t,2Co
The generality of this orientation relationship was confirmed by locating it in several 
distinct lamellar colonies in separate specimens in addition to at least three individual 
specimens of each heat treatment. The latter part of this expression is the habit plane, 
which was determined by a combination of convergent beam electron diffraction 
(CBED) and tilting to minimum interfacial width (Zhou and Shiflet, 1991).
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At higher undercooling (640 °C and 620 °C) the microconstituent was no longer 
lamellar but was replaced by a non-lamellai", almost ‘spheroidal’ microconstituent as 
shown in Figures 6.16a and 6.16b. Occasional lamellar colonies were detected with 
decreasing frequency with increasing undercooling. An example of the spheroidal 
microstmcture containing lamellar colonies is shown in Figures 6.16c and 6.16d. 
The orientation relationship observed in the lamellar stmcture was also observed in 
the spheroidal stmcture, indicating a relationship between the two microconstituents.
A possible explanation for this is that the spheroidal microconstituent is due to 
recalescene effects (i.e. spheroidisation) or diffusional effects during growth (i.e. 
degenerate pearlite). This is discussed further in Chapter 10.
6.3 Hvpoeutectoid Allov
6.3.1 Introduction
The hypoeutectoid composition utilised was nominally 3.9 wt%Co. This 
composition was selected as it had been examined previously (Franti et al, 1978; Lee 
and Aaronson, 1988). Depending on reaction temperature this composition should 
give between 5 wt% and 9 wt% of the intermetallic phase (TizCo).
6.3.2 X-Rav Diffraction
X-ray diffraction of the specimen water quenched from 975 °C (1248 K) revealedlemperabju'e.
P(Ti) confirming that the high temperature phase can be retained to roomj[upon the 
addition of 3.9 wt%Co to Ti.
X-ray diffraction revealed the presence of a(Ti) and TizCo in all isothermal 
specimens examined except those heat treated for 30 s where only P(Ti) and a(Ti) 
were present. The high temperature phase p(Ti) was detected in all specimens heat 
treated for 30 s, 5 minutes at 660 °C and 670 °C (933 and 943 K) and 30 minutes at 
670 °C (943 K) indicating the reaction had not gone to completion in these 
specimens. The presence of the intermetallic phase, TizCo, in all 5 minute, 30 
minute, 60 minute and 120 minute specimens indicates that the eutectoid 
decomposition reaction has taken place, and the microstmcture is therefore that of 
eutectoid decomposition and not a martensitic reaction.
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In both the specimen solution treated before slow cooling to room temperature and 
the specimen held above the eutectoid temperature prior to heat treatment below the 
eutectoid temperature, a(Ti) and TizCo were the only phases detected.
Following thermomechanical treatment only a(Ti) and Ti2Co were detected in all 
specimens. Following rolling, solution treatment and water quenching to room 
temperature only a(Ti) and P(Ti) were observed.
A summary of X-ray diffraction for all hypoeutectoid specimens is shown in Table 
6.6. Lattice parameters were calculated for all phases as shown in Table 6.7. A 
sample of X-ray diffraction patterns is included in Appendix 1.
Table 6.6 Summary of Phases Detected by XRD in Hypoeutectoid Specimens.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C a /  3 a  / Ti2 Co a/TigCo a / Ti2 Co -
620 °C a /  3 a  /  Ti2Co a / Ti2 Co a/TisCo -
640 °C a /  3 a  / T1 2C0 a  / Ti2 Co a  / Ti2 Co -
660 °C a /  3 a/Ti2Co /3 a/T ijC o a  / Ti2 Co -
670 °C a /  3 a  / Ti2 Co / 3 a /T L C o /3 a  / Ti2 Co a/TLCo
680 °C - - - - a/TizCo
Slow Cool to Room Temperature a  / Ti2 Co
1 hour at 695 °C; 120 minutes at 670 °C (943 K) a  / Ti2 Co
1 hour at 975 °C; water quenched 3
Rolled to 56% 7days at 695 °C, 120 minutes at 660 °C a/T ^C o
Rolled to 56% 7days at 695 °C, 120 minutes at 670 °C a  / Ti2 Co
Rolled to 56% 7days at 695 “C, 120 minutes at 680 °C a  / Ti2 Co
Rolled to 56% 7days at 695 °C, Water Quenched a /  3
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Table 6.7a Lattice Parameter Measurements of 3(Ti) in Hypoeutectoid Specimens/A.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C a = 3.21(5) N/A N/A N/A -
620 °C a = 3.21(6) N/A N/A N/A -
640 °C a = 3.21(6) N/A N/A N/A -
660 °C a = 3.21(6) a = 3.21(6) N/A N/A -
670 °C a = 3.21(6) a = 3.21(5) a = 3.21(6) N/A N/A
680 °C - - - - N/A
Slow Cool to Room Temperature N/A
1 hour at 695 °Ci 120 minutes at 670 °C (943 K) N/A
1 hour at 975 °C: water quenched a = 3.21(5)
Rolled to 56% 7days at 695 °C, 120 minutes at 660 °C N/A
Rolled to 56% 7days at 695 °C, 120 minutes at 670 °C N/A
Rolled to 56% 7days at 695 °C, 120 minutes at 680 ®C N/A
Rolled to 56% 7days at 695 ®C, water quenched a = 3.21(7)
Table 6.7b Lattice Parameter Measurements of a(Ti) in Hypoeutectoid
Specimens/A.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C a = 2.94(6) c = 4.68(4)
a = 2.96(4) 
c = 4.66(8)
a = 2.95(5) 
c = 4.66(5)
a = 2.95(6) 
c = 4.65(4)
-
620 °C a = 2.94(7) c = 4.68(5) a = 2.96(6) c = 4.65(8) a = 2.94(9) c = 4.67(6) a = 2.94(6) c = 4.65(7) -
640 °C a = 2.94(4) c = 4.68(2) a = 2.95(5) c = 4.67(1) a = 2.94(6) c = 4.68(4) a = 2.96(1) c = 4.65(8) -
660 °C a = 2.94(9) c = 4.67(1) a = 2.97(0) c = 4.64(4) a = 2.95(5) c = 4.66(4) a = 2.95(6) c = 4.66(3) -
670 °C a = 2.94(8) 
c = 4.68(4)
a = 2.96(5) 
c = 4.65(0)
a = 2.94(5) 
c = 4.66(7)
a = 2.95(8) 
c = 4.65(1)
a = 2.93(8) 
c = 4.68(6)
680 °C - - - - a = 2.95(4) 
c = 4.66(7)
Slow Cool to Room Temperature a = 2.95(8) 
c = 4.66(3)
1 hour at 695 °C; 120 minutes at 670 ®C (943 K) a = 2.95(5) 
c = 4.66(0)
1 hour at 975 ®C; water quenched N/A
Rolled to 56% 7days at 695 °C, 120 minutes at 660 ®C a = 2.95(5) 
c = 4.66(0)
Rolled to 56% 7days at 695 ®C, 120 minutes at 670 ®C a = 2.95(8) 
0 = 4.66(1)
Rolled to 56% 7days at 695 °C, 120 minutes at 680 ®C a = 2.95(5) 
c = 4.66(3)
Rolled to 56% 7days at 695 °C, water quenched a = 3.21(7) 
c = 4.66(0)
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Table 6.7c Lattice Parameter Measurements of TiiCo in Hypoeutectoid
Specimens/A.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 N/A a= 11.25(0) a =11.29(0) a=  11.24(1) -
620 °C N/A a = 11.26(7) a =11.27(3) a = 11.24(2) -
640 °C N/A a = 11.23(9) a=  11.20(5) a = 11.26(7) -
660 °C N/A a = 11.29(2) a = 11.24(6) a=  11.29(7) -
670 °C N/A a=  11.26(6) a= 11.26(2) a = 11.26(7) a = 11.26(8)
680 °C - - - - a=  11.25(6)
Slow Cool to Room Temperature a =11.26(7)
1 hour at 695 °C: 120 minutes at 670 ®C (943 K) a = 11.28(5)
1 hour at 975 °C: water quenched N/A
Rolled to 56% 7days at 695 ®C, 120 minutes at 660 ®C a= 11.26(6)
Rolled to 56% 7days at 695 °C, 120 minutes at 670 °C a = 11.27(1)
Rolled to 56% 7days at 695 °C, 120 minutes at 680 °C a = 11.29(2)
Rolled to 56% 7days at 695 ®C, water quenched N/A
The phases determined by X-ray diffraction have been plotted in the form of a TTT 
diagram, as shown in Figure 6.17.
6.3.3 Reflected Light and Scanning Electron Microscopv
The composition of each specimen was calculated as the mean of 25 individual 
analyses determined by quantitative analysis with a ZAF correction (as described in 
Chapter 5). The composition of the alloy, determined as the average of all 
specimens, was found to be 3.92 wt%Co.
Isothermal heat treatment for 30 seconds resulted in plates of a(Ti) growing from 
single phase p(Ti) as confirmed by X-ray diffraction (Figure 6.18).
All isothermal specimens heat treated for 5 minutes, 30 minutes, 60 minutes and 120 
minutes were found to exhibit the same microstructure, that is the ‘basket weave’ 
structure of a(Ti) plates, as seen in Figure 6.19a and 6.19b. This microstructure has 
been identified by several workers as bainite (Franti et a l, 1978; Lee and Aaronson, 
1988a). If the microstructure is bainite thgn the intermetallic phase, Ti^Co, would be 
present at a(Ti) plate boundaries. This phase is too fine to distinguish with reflected 
light or scanning electron microscopy. Specimens must therefore be examined with
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TEM to characterise the microstmcture completely. The specimen heat treated above 
the eutectoid temperature before subsequent heat treatment in the a(Ti) + Ti2Co 
region was seen to contain the same ‘basket weave’ microstructure.
The microstmcture of the specimen slow cooled to room temperature was, again, the 
‘basket weave’ of a(Ti) plates although the plates were much coarser than obtained 
during isothermal heat treatments. An example of the ‘basket weave’ stmcture of 
specimens slow cooled to room temperature is shown in Figure 6.20a and 6.20b. 
Again, it was not possible to detect the location of the intermetallic phase, Ti2Co, 
with either reflected light or scanning electron microscopy.
Following rolling, solution treatment above the eutectoid temperature and water 
quenching a very different microstmcture to the isothermal heat treatments was 
detected as shown in Figures 6.21a and 6.21b. Blocky particles of a(Ti), were 
observed in a matrix of p(Ti). More detailed examination suggested that the particles 
of a(Ti) were facetted. In addition, several areas still containing a(Ti) plates were 
observed, see for example Figure 6.22.
Specimens rolled prior to solution treatment and heat treatment again contained the 
proeutectoid particles as shown in Figure 6.21. The p(Ti) was replaced by a very fine 
two phase microconstituent. Upon initial observation at low magnification, it 
seemed possible to suggest that the microconstituent was pearlitic based upon its 
morphology (Figure 6.23a). Further examination at higher magnifications suggested 
that this is incorrect as one of the two phases in the microconstituent appeared to be 
discontinuous (Figure 6.23b).
6.3.4 Transmission Electron Microscopv
The non-lamellar microstmcture was examined by TEM in order to determine the 
location of the intermetallic phase and obtain crystallographic data. The 
microstmcture is shown in Figures 6.24a and 6.24b. A SADP for a(Ti) is shown in 
Figure 6.25.
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As with eutectoid specimens a(Ti) plates were found to contain several low angle 
boundaries associated with misorientations of the order of 1-2 ° as determined by 
convergent beam electron diffraction (Figure 6.26a and 6.26b). It was also evident, 
due to diffraction effects, that distinct areas of plates were of the same orientation.
In the specimens heat treated for 30 seconds, P(Ti) was observed in addition to the 
a(Ti) plates. As in eutectoid specimens a(Ti) was also observed as 'blocks' due to 
sectioning effects.
As in eutectoid specimens, a(Ti) plates consistently obeyed different variants of the 
same, previously reported, orientation relationship with the paient p(Ti) (Lee and 
Aaronson, 1988a)
( 0 0 0  D e l  I (0 1 Dp 
[1 2 1 0] J  I [ I I  Up
It was not possible to obtain crystallographic data for the intermetallic phase in this 
specimen. This was due to the fact that the quantity of the phase was too small, any 
diffraction patterns were 'swamped' by the a(Ti) phase, although its presence was 
established by EDX analysis.
6.4 Hvpereutectoid Allov
6.4.1 Introduction
The hypereutectoid composition was nominally 14.0 wt%Co. This composition was 
selected to achieve @5% proeutectoid 05% eutectoid, as calculated from the Lever 
Rule.
6.4.2 X-Rav Diffraction
Following water quenching from 975 °C (1248 K) to room temperature only P(Ti) 
was detected confirming that the high temperature phase can be retained to room 
temperature in the hypereutectoid composition Ti-Co alloy.
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Three individual phases were again detected by X-ray diffraction, a(Ti), P(Ti) and 
TiiCo. p(Ti) was detected as the only phase in all specimens heat treated for 30 s 
and, in addition to a(Ti) and TizCo, in specimens heat treated for 5 minutes and 30 
minutes at 670, 660, 640 and 620 °C (943, 933, 913 and 893 K). This indicated that 
eutectoid decomposition had not reached completion in these specimens. In both the 
specimen solution treated before slow cooling and the specimen held above the 
eutectoid temperature prior to heat treatment below the eutectoid temperature, a(Ti) 
and TiaCo were the only phases detected.
Table 6.8 contains a summary of all hypereutectoid X-ray diffraction results. Lattice 
paiameters were again calculated for all phases and are summarised in Table 6.9. A 
sample of X-ray diffraction patterns is included in Appendix 1.
Table 6.8 Phases Detected by X-ray Diffraction in Hypereutectoid Specimens.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C P a  / TiiCo a/TizCo a / TizCo -
620 °C P a / TiiCo / a /T isC o/ a  / TizCo -
640 °C P a  / TizCo / a /T iiC o / a  / TizCo -
660 °C 3 a  / TigCo / 3 a  /  TizCo / a  / TizCo -
670 P a/TizCo/p a/TizCo/p a  / TizCo a  /  TizCo
680 °C - - - a /TizCo
Slow Cool to Room Temperature a  / TizCo
1 hour at 695 ®C: 120 minutes at 670 °C (943 K) a  /  TizCo
1 hour at 975 °C: water quenched p
Table 6.9 Lattice Parameter Measurements of P(Ti) in Hypereutectoid Specimens/A.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C a = 3.21(5) N/A N/A N/A -
620 °C a = 3.21(5) N/A N/A N/A
640 °C a = 3.21(5) N/A N/A N/A -
660 °C a = 3.21(5) a = 3.21(6) N/A N/A -
670 °C a = 3.21(5) a = 3.21(5) a = 3.21(5) N/A N/A
680 °C - - - - N/A
Slow Cool to Room Temperature N/A
1 hour at 695 °C: 120 minutes at 670 °C (943 K) N/A
1 hour at 975 °C: water quenched a = 3.21(6)
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Table 6.9b Lattice Parameter Measurements of a(Ti) in Hypereutectoid
Specimens/A.
30 seconds 5 minutes 30
minutes
60 minutes 120 minutes
600 °C N/A a = 2.94(2) c = 4.66(2) a = 2.95(5) c = 4.65(5) a = 2.94(5) 0 = 4.66(2) --
620 °C N/A a = 2.95(1) c = 4.66(2) a = 2.94(6) c = 4.66(4) a = 2.94(8) c = 4.66(3) -
640 °C N/A a = 2.94(8) c = 4.66(8)
a = 2.94(6) 
c = 4.65(2)
a = 2.95(5) 
c = 4.66(3)
-
660 °C N/A a = 2.95(1) c = 4.66(4) a = 2.94(8) c = 4.66(1) a = 2.94(4) c = 4.65(9) -
670 °C N/A a = 2.94(6) c = 4.66(7) a = 2.94(8) c = 4.66(3) a =2.95(4) c = 4.66(9) a = 2.94(7) c = 4.66(2)
680 °C - - - - a = 2.95(1) c = 4.65(9)
Slow Cool to Room Temperature a = 2.94(8) 
c = 4.66(4)
1 hour at 695 °C: 120 minutes at 670 °C (943 K) a = 2.94(6) 
c = 4.66(3)
1 hour at 975 °C: water quenched N/A
Table 6.9c Lattice Parameter Measurements of TizCo in Hypereutectoid
Specimens/Â.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C N/A a =  11.25(0) a = 11.22(1) a = 11.25(6) -
620 °C N/A a = 11.27(1) a =  11.24(7) a =  11.25(6) -
640 ®C N/A a =  11.24(6) a = 11.26(6) a = 11.25(7) -
660 °C N/A a = 11.28(5) a = 11.25(8) a = 11.25(9) -
670 ‘^ C N/A a =  11.28(3) a =  11.25(4) a = 11.26(7) a = 11.25(3)
680 °C - - - - a = 11.27(1)
Slow Cool to Room Temperature a = 11.27(3)
1 hour at 695 ®C: 120 minutes at 670 ®C (943 K) a= 11.28(4)
1 hour at 975 °C: water quenched N/A
The phases determined by X-ray diffraction have been plotted onto a TTT diagram as 
shown in Figure 6.27.
6.4.3 Reflected Light and Scanning Electron Microscopv
The composition of each specimen was calculated as the mean of 25 individual 
analyses determined by quantitative analysis with a ZAF coiTection (as described in
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Chapter 5). The composition of the alloy, determined as the average of all 
specimens, was found to be 13.99 wt%Co.
In all specimens heat treated for 30 s no distinguishing features were observed in 
what appeared to be single-phase microstructures.
Following heat treatment for 5 minutes and 30 minutes ‘patches’ of a two phase 
microconstituent were observed growing into single phase P(Ti) although the 
microconstituent was too fine to be resolved by reflected light and SEM (Figure 
6.28).
Heat treatment for 60 minutes and 120 minutes at all temperatures resulted in a two 
phase microconstituent, although again too fine to be resolved by reflected light or 
scanning electron microscopy as shown in Figure 6.29.
Following heat treatment in the P(Ti) + TizCo region and subsequently the a(Ti) + 
TizCo region, the microstmcture was similar to that observed in specimens heat 
treated for 60 and 120 minutes.
Heat treatment for 60 minutes at 975 °C (1248 K) and subsequent slow cooling to 
room temperature resulted in allotriomorphs and Widmanstatten plates of TizCo at 
grain boundaries with lamellar eutectoid microstructure being present throughout the 
grains. This lamellar product was seen to be coarser close to grain boundaries 
,becoming progressively finer as the distance from grain boundaries increased, as 
seen in Figures 6.30a to 6.30c.
6.4.4 Transmission Electron Microscopv
Transmission electron microscopy of the specimen heat treated for 30 s at 600 °C 
revealed single phase p(Ti). Several areas were detected which appeared ‘textured’ 
(Figure 6.31). SAD of these areas revealed P(Ti), although diffuse scattering was 
also observed, as shown in Figure 6.32 suggesting the presence of the omega phase. 
This is discussed further in Chapter 10.
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The two-phase microconstituent, observed by reflected light and scanning electron 
microscopy, could clearly be resolved with TEM to be lamellar, an example of which 
is shown in Figure 6.33. A habit plane was observed on the aiTizCo interface which 
was maintained by direction steps. The direction steps were also associated with 
changes in lamellae thickness. Examples of both direction steps and changes in 
lamellae thickness aie shown in Figures 6.34a and 6.34b. The reproducible, rational 
orientation relationship detected in eutectoid specimens was again observed between 
the eutectoid phases in hypereutectoid specimens (Figure 6.35).
[ 0 0 0  Do I I [ T  1 4] r,:Co 
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The latter part of this expression is the habit plane, which was determined by a 
combination of CBED and tilting to minimum interfacial width. The orientation 
relationship was confirmed by locating it in several distinct lamellar colonies and 
several different specimens. The lamellar microstmcture was maintained for all 
values of undercooling investigated.
6.5 Mechanical Properties
In order to determine any microstmcture / mechanical property relationships, values 
of microhardness were determined for all specimens as described in Chapter 5.
The microhardness of specimens was determined from the mean of 20 individual 
analyses on each specimen. The values for each composition of the Ti-Co alloy were 
found to be similar indicating no effect due to heat treatment. Values were only seen 
to increase with an increase in volume of the alloying element and hence TizCo.
The microhardness values are presented in Table 6.10.
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Table 6.10 Microhardness of Ti-Co
Hypoeutectoid Eutectoid Hypereutectoid
Min Hv 281.Ô 364.5 449.3
Max Hv 302.3 368.9 461.5
Hv 289.0 366.7 453.9
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Figure 6.1 TTT diagram for Ti-Co eutectoid alloy 
constructed from X-ray diffraction data.
Figure 6.2a SEM backscattered image of Ti-Co / eutectoid 670 °C for 5 minutes,
a(Ti) plates growing from grain boundary.
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Figure 6.2b SEM backscattered image of Ti-Co / eutectoid 660 °C for 5 minutes, 
a(Ti) plates growing from grain boundary and intragranularly.
Figure 6.2c SEM backscattered image of Ti-Co / eutectoid 640 °C for 5 minutes,
a(Ti) plates growing from grain boundaries and intragranularly.
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Figure 6.2d SEM backscattered image of Ti-Co / eutectoid 600 °C for 5 minutes, 
a(Ti) covering large proportion of specimen.
Figure 6.3 SEM backscattered image Ti-Co / eutectoid 600 °C for 30 minutes,
a(Ti) plates formed at grain boundaries and intragranularly.
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Figure 6.4 SEM backscattered image Ti-Co / eutectoid 600 °C for 30 minutes, 
two phase microconstituent formed between a(Ti) plates.
Figure 6.5 Reflected light microscopy image Ti-Co/eutectoid 660°C for 60 minutes,
a(Ti) plates growing from grain boundary and intragranularly.
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Figure 6.6 SEM backscattered image Ti-Co / eutectoid 640 °C for 60 minutes,
two-phase microconstituent.
Figure 6.7a SEM backscattered image Ti-Co / eutectoid 670 °C for 120 minutes,
a(Ti) plates and growth interface of lamellar microconstituent.
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Figure 6.7b SEM backscattered image Ti-Co / eutectoid 670 °C for 120 minutes, 
a(Ti) plates and lamellar microconstituent.
Figure 6.7c SEM backscattered image Ti-Co / eutectoid 670 °C for 120 minutes,
a(Ti) plates and lamellar microconstituent.
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Figure 6.7d SEM backscattered image Ti-Co / eutectoid 670 °C for 120 minutes, 
a(Ti) plates and lamellar microconstituent.
Figure 6.8a Ti-Co / eutectoid 600 °C for 30 minutes, 
digital image obtained for image analysis.
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Figure 6.8b Ti-Co / eutectoid 600 °C for 30 minutes, image analysis of Figure 6.7a.
Figure 6.9 TEM image Ti-Co / eutectoid 620 °C for 5 minutes,
blocks of a(Ti) due to sectioning.
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Figure 6.10a TEM image Ti-Co / eutectoid 670 °C for 120 minutes, 
low angle boundary on a(Ti).
/
w  I
Figure 6.10b TEM image Ti-Co / eutectoid 670 °C for 120 minutes, 
low angle boundary on a(Ti).
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Figure 6.11 Ti-Co / eutectoid 670 °C for 120 minutes, 
selected area diffraction pattern of a(Ti) plate.
Figure 6.12a TEM image Ti-Co/ eutectoid 670 °C for 60 minutes, 
lamellar microconstituent.
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Figure 6.12b TEM image Ti-Co / eutectoid 670 °C for 120 minutes, 
lamellar microconstituent and a(Ti) plate.
\ 9
os
Figure 6.13 TEM image Ti-Co / eutectoid 670 °C for 120 minutes,
‘holes’ due to branching.
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i
Figure 6.14 TEM image Ti-Co / eutectoid 670 °C for 120 minutes, 
direction steps on a(Ti):Ti2Co interlamellar boundary.
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Figure 6.15 Ti-Co / eutectoid 670 °C for 120 minutes,
orientation relationship between a(Ti) and TizCo. % = COOOi3ec= T.^ Co
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Figure 6.16a TEM image Ti-Co / eutectoid 620 °C for 60 minutes, 
spheroidal microconstituent.
I
Figure 6.16b TEM image Ti-Co / eutectoid 620 °C for 60 minutes,
spheroidal microconstituent.
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Figure 6.16c TEM image Ti-Co / eutectoid 620 °C for 60 minutes, 
spheroidal microconstituent with occasional lamellar colony.
Figure 6.16d TEM image Ti-Co / eutectoid 620 °C for 60 minutes, 
spheroidal microconstituent with occasional lamellar colony.
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Figure 6.17 TTT diagram for Ti-Co hypoeutectoid alloy 
constructed from X-ray diffraction data.
m
Figure 6.18 Reflected light microscopy image Ti-Co / hypoeutectoid 620 °C for 30 s,
a(Ti) plates growing from p(Ti).
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Figure 6.19a Reflected light microscopy image Ti-Co / hypoeutectoid 640 °C for 
60 minutes of 'non-lamellar eutectoid' microstructure.
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Figure 6.19b Reflected light microscopy image Ti-Co / hypoeutectoid 620 °C for
60 minutes of non-lamellar eutectoid' microstructure.
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Figure 6.20a Reflected light microscopy image Ti-Co / hypoeutectoid slow cooled, 
non-lamellar eutectoid' microstructure.
Figure 6.20b Reflected light microscopy image Ti-Co / hypoeutectoid slow cooled, 
non-lamellar eutectoid' microstructure.
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Figure 6.21a SEM backscattered image Ti-Co / hypoeutectoid rolled 4- solution 
treated, blocky proeutectoid a(Ti) in p(Ti) matrix.
f i r .
Figure 6.21b SEM backscattered image Ti-Co / hypoeutectoid rolled +  solution
treated, blocky proeutectoid a(Ti) in P(Ti) matrix.
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Figure 6.22 SEM backscattered image Ti-Co / hypoeutectoid rolled + solution 
treated, blocky and plates of proeutectoid a(Ti) in P(Ti) matrix.
Figure 6.23a SEM backscattered image Ti-Co / hypoeutectoid thermomechanical
treated, blocky proeutectoid a(Ti) + two phase microconstituent.
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Figure 6.23b SEM backscattered image Ti-Co / hypoeutectoid thermomechanical 
treated, blocky proeutectoid a(Ti) + discontinuous two phase microconstituent.
)
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Figure 6.24a TEM image Ti-Co / hypoeutectoid 660°C for 60 minutes, 
‘non-lamellar’ microstructure.
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Figure 6.24b TEM image Ti-Co / hypoeutectoid 600°C for 30 minutes, 
‘non-lamellar’ microstructure.
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Figure 6.25 Ti-Co / hypoeutectoid 670 °C for 120 minutes,
selected area diffraction pattern of a(Ti) plate.
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Figure 6.26a TEM image Ti-Co / hypoeutectoid slow cooled, 
low angle boundaries on a(Ti) plates.
Figure 6.26b TEM image Ti-Co / hypoeutectoid slow cooled,
low angle boundaries on a(Ti) plates.
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Figure 6.27 TTT diagram for Ti-Co hypereutectoid alloy 
constructed from X-ray diffraction data.
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Figure 6.28 SEM backscattered image Ti-Co/ hypereutectoid 640 °C for 30 minutes,
two phase microconstituent.
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Figure 6.29 Reflected light microscopy image Ti-Co/ hypereutectoid 660 °C for 
60 minutes, two phase microconstituent covering whole of specimen.
 ^ . -JL*.
Figure 6.30a Reflected light microscopy image Ti-Co / hypereutectoid slow cooled,
allotriomorphs and lamellar microconstituent.
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Figure 6.30b SEM backscattered image Ti-Co / hypereutectoid slow cooled,
Figure 6.30c SEM image Ti-Co / hypereutectoid slow cooled, allotriomorphs and
two phase lamellar microconstituent.
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Figure 6.31 TEM image Ti-Co / hypereutectoid 600 °C for 30 s, 
textured P(Ti) microstructure.
'pC'Cl ■- oeomOirccnon
Figure 6.32 Ti-Co / hypereutectoid 600 °C for 30 s,
selected area diffraction pattern of P(Ti) plate from Figure 6.31
122
Chapter 6. Ti-Co Results
Figure 6.33 TEM image Ti-Co / hypereutectoid 670 °C for 60 minutes, 
lamellar microconstituent.
Figure 6.34a TEM image Ti-Co / hypereutectoid 670 °C for 60 minutes,
direction steps on a(Ti):Ti2 Co interlamellar boundary.
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Figure 6.34b TEM image Ti-Co / hypereutectoid 6 /U "C for 5U minutes, 
direction steps on a(Ti):Ti2Co interlamellar boundary.
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Figure 6.35 Ti-Co / hypereutectoid 670 °C for 60 minutes,
orientation relationship between a(Ti) and Ti2 Co. 6 - COOGO *-CT lull t.^ Cc
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7.1 Heat Treatments
7.1.1 Isothermal Heat Treatments
Following solution treatment at 975 °C (1248 K) in the p(Ti) single phase region, 
specimens were quenched to between 2  and 67 °C below the eutectoid temperature 
(T e) and held at the desired temperature for between 3 0  seconds and 1 2 0  minutes 
prior to water quenching. The eutectoid temperature for Ti-Cr is 667 °C (940 K) 
(Murray, 1987). Heat treatments were conducted on hypoeutectoid, eutectoid and 
hypereutectoid Ti-Cr alloys as discussed in Chapter 5. A summary of Ti-Cr heat 
treatments is presented in Table 7.1.
Table 7.1 Summary of Ti-Cr Isothermal Heat Treatments
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C y y y y -
620 °C y y y y -
640 °C y y y y -
650 °C y y y y -
660 y y y y y
665 °C - - - - y
7.1.2 Additional Heat Treatments
In addition to isothermal heat treatments, specimens were solution treated at 975 °C 
(1248 K) for 60 minutes before being cooled at 0.5 °C min’* in air to room 
temperature. Specimens were also solution treated at 975 °C (1248 K) for 60 
minutes before rapid cooling to 677 °C (950 K), 10 °C above the eutectoid 
temperature, in an attempt to promote proeutectoid formation before heat treatment 
for 120 minutes at 660 °C (933 K) prior to quenching in water. All heat treatments 
were earned out on eutectoid, hypoeutectoid and hypereutectoid specimens.
The effect of prior proeutectoid a(Ti) on the final eutectoid microstructure was 
examined by cold rolling hypoeutectoid Ti-Cr to 48% reduction before heat treating
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at 677 °C (950 K) for 7 days to produce a recrystallised P(Ti) + a(Ti) microstructure. 
Specimens were subsequently quenched in the salt bath at three separate temperatures 
for 120 minutes before water quenching. A summary of the heat treatments 
conducted on rolled specimens is shown in Table 7.2.
Table 7.2 Summaiy of Heat Treatments Conducted on Rolled Specimens.
1 2 3
Rolled to 48% reduction Rolled to 48% reduction Rolled to 48% reduction
7 days at 677 °C 7 days at 677 °C 7 days at 677 °C
120 minutes at 650 °C 120 minutes at 660 °C 120 minutes at 665 °C
Finally, specimens were solution treated at 975 °C (1248 K) for 60 minutes prior to 
water quenching to determine if p(Ti) can be retained to room temperature for each 
of the three compositions examined.
7.2 Eutectoid Alloy
7.2.1 Introduction
According to the phase diagram of Murray (1987), the eutectoid composition of Ti- 
Cr is Ti-14.0 wt%Cr. The eutectoid temperature. Te, is 667 °C (940 K).
Although the non-lamellar eutectoid and martensitic phases exhibit similar 
microstructures, martensite should not be a consideration in these specimens as P(Ti) 
is known to be retained upon the addition of 6.5 wt%Cr (Duzew, 1952). This has 
been confirmed by water quenching specimens from 975 °C (1248 K) to room 
temperature as shown in Section 7.2.2.
7.2.2 X-Rav Diffraction
Considering isothermal specimens heat treated for 30 seconds at all temperatures, p 
(Ti) was the only phase detected. This indicated that either eutectoid decomposition 
had not commenced in these specimens or the volume fraction of both a(Ti) and 
TiCr% were too low to be detected by X-ray diffraction (< 0.05). Following heat 
treatment for 5 minutes at 620, 640, 650 and 660 °C (893, 913, 923 and 924 K) a(Ti)
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and P(Ti) were detected. In all other isothermal specimens the intermetallic phase, 
TiCrz, was detected in addition to either a(Ti) or a(Ti) plus p(Ti).
In both the specimen solution treated before slow cooling to room temperature and 
the specimen held above the eutectoid temperature prior to heat treatment below the 
eutectoid temperature contained only a(Ti) and TiCi'2. Therefore, in these 
specimens, either the reaction had reached completion or the volume fraction of 
retained P(Ti) was less than 0.05. Following water quenching from 975 °C (1248 K) 
the eutectoid specimen contained only P(Ti) confirming the ability of this phase to be 
retained to room temperature at the eutectoid composition.
A summary of the phases detected for all heat treatments is shown in Table 7.3. 
Lattice parameters were calculated for all three phases, as shown in Table 7.4. 
Specimen X-ray diffraction patterns are included in Appendix 1.
Table 7.3 Summary of Phases Detected by X-ray Diffraction in Eutectoid
Specimens.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C .p _...... oA'iCr2/3 oyTiCr2/3 ayTiCr2/3 -
620 °C p oJ 3 oyTiCr2/3 oyTiCr2/3 -
640 °C p of 3 o/TiCr2/3 a/TiCr2/3 -
650 °C p aJ 3 o>TiCr2/3 oc/TiCr2/3 -
660 °C p of 3 oc/TiCr2/3 ayTiCr2/3 o/TiCr2
665 °C - - - o/TiCr2
Slow Cool to Room Temperature cx/TiCr2
1 hour @ 677 °C: 120 minutes at 660 °C (933 K) o/TiCr2
1 hour @ 975 °C: water quenched 3
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Table 7.4a Lattice Parameter Measurements of p(Ti) in Eutectoid Specimens / Â.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C a = 3.20(8) a = 3.20(2) a = 3.20(0) a = 3.20(0) -
620 °C a = 3.21(2) a = 3.19(9) a =3.19(0) a = 3.20(0) -
640 °C a = 3.21(7) a = 3.19(8) a = 3.20(0) a = 3.20(0) -
650 °C a = 3.20(4) a = 3.20(4) a = 3.19 (9) a = 3.20(0) -
660 °C a =3.21(4) a = 3.20(9) a = 3.19(8) a = 3.20(0) a = 3.20(1)
665 °C - - - - a = 3.20 (2)
Slow Cool to Room Temperature N/A
1 hour @ 677 °C: 120 minutes at 660 °C (933 K) N/A
1 hour @ 975 ®C: water quenched a = 3.20(2)
Table 7.4b Lattice Parameter Measurements of a(Ti) in Eutectoid Specimens / Â.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 N/A a = 2.95(7) c = 4.62(7) a = 2.96(2) c = 4.62(9) a = 2.95(0) c = 4.68(0) -
620 °C N/A a = 2.95(0) c = 4.67(7) a = 2.96(7) c = 4.65(7) a = 2.87(6) c = 4.67(2) -
640 °C N/A a = 2.94(2) c = 4.65(6) a = 2.89(2) c = 4.62(6) a = 2.82(2) c = 4.67(2) -
650 °C N/A a = 2.97(1) c = 4.64(7)
a = 2.91(3) 
c = 4.62(7)
a = 2.93(6) 
c = 4.70(8)
-
660 °C N/A a = 2.96(6) c = 4.62(3) a = 2.94(6) c = 4.62(3) a = 2.88(0) c = 4.68(4) a = 2.95(0) c = 4.68(6)
665 °C - - - - a = 2.96(2) c = 4.47(0)
Slow Cool to Room Temperature a = 2.94(8) 
c = 4.66(6)
1 hour @ 677 “C; 120 minutes at 660 °C (933 K) a = 2.95(1) 
c = 4.67(3)
1 hour @ 975 °C; water quenched N/A
Table 7.4c Lattice Parameter Measurements of TiCr2 in Eutectoid Specimens / Â.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C N/A a = 6.97(2) a = 6.97(2) a = 6.97(2) -
620 °C N/A N/A a = 6.95(1) a = 6.95(7) -
640 °C N/A N/A a = 6.98(3) a = 6.89(9) -
650 °C N/A N/A a = 6.97(1) a = 6.89(5) -
660 °C N/A N/A a =6.89(9) a = 6.98(1) a = 6.86(5)
665 °C - - - - a = 6.87(8)
Slow Cool to Room Temperature a = 6.96(7)
1 hour @ 677 "C: 120 minutes at 660 °C (933 K) a = 6.97(7)
1 hour @ 975 °C: water quenched N/A
The phases determined by X-ray diffraction, in all isothermal specimens, have been 
plotted in the form of a TTT diagram, as shown in Figure 7.1.
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7.2.3 Reflected Light and Scanning Electron Microscopy
The composition of each specimen was calculated as the mean of 25 individual 
analyses determined by quantitative analysis with a ZAP correction (as described in 
Chapter 5). The composition of the alloy, determined as the average of all 
specimens, was found to be 14.02 wt%Cr, which is very close to the eutectoid 
composition of 14.0 wt%Cr.
In all specimens heat treated for 30 seconds no distinguishing features were observed 
in the single phase microstructures. This is in-keeping with the results obtained from 
X-ray diffraction where only P(Ti) was detected. It can therefore be concluded that 
these specimens are in fact single phase p(Ti).
For specimens heat treated for 5 minutes, at low undercooling, low magnification 
(apx 500X) failed to reveal any features in what appeared to be a single phase 
microstructure. At higher magnifications ( > 1OOOX) it was possible to resolve plates 
of a(Ti) growing into the P(Ti) matrix (Figure 7.2). At the highest undercooling 
(600 °C) plates of a(Ti) were detected covering approximately one third of the 
specimen. An area of a(Ti) plates is shown in Figure 7.3.
In specimens heat treated for 30 minutes at low undercooling, plates of a(Ti) were 
observed growing from grain boundaries and intragranulaiiy in the P(Ti) phase 
(Figure 7.4). The volume fraction of a(Ti) plates increased with undercooling.
Following heat treatment for 60 minutes, at both low and high undercooling and 120 
minutes, at 660 °C and 665 °C, a(Ti) plates were detected covering the entire 
specimen, as shown in Figure 7.5.
(blkxW ^
Slow cooling to room temperature f /  heat treating at 677 °C (968 K) for 60 minutes 
prior to heat treatment at 660 °C (933 K) for 120 minutes resulted in a(Ti) plates 
covering the entire specimen. The plates detected in this specimen were longer than 
those seen following isothermal heat treatment, as seen in Figures 7.6a and 7.6b.
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Digital image analysis was performed using a Link™ system on all Ti-Cr isothermal 
heat treated specimens in an attempt to quantify the volume of a(Ti) plates present. 
It was not possible to obtain volume fractions for specimens heat treated for 60 
minutes and 120 minutes, due to the large volume fraction of a(Ti) plates present. 
Table 7.5 summarises the volume fraction of a(Ti) plates present.
It was not possible to determine the location of the intermetallic phase, TiCr2, with 
either reflected light or scanning electron microscopy in any specimen.
Table 7.5 Volume Fraction of a(Ti) Plates Present Following Isothermal Heat
Treatment
30seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C 0.00 0.27 0.40 N/A -
620 0.00 0,00 0.37 N/A -
640 °C 0.00 0.00 0.33 N/A -
650 °C 0.00 0.00 0.27 N/A -
660 C 0.00 0.00 0.24 N/A N/A
665 °C - - - - N/A
7.2.4 Transmission Electron Microscopy
Transmission electron microscopy of specimens heat treated for 30 seconds revealed 
single phase P(Ti). SAD revealed diffuse scattering which could indicate the 
presence of the omega phase. This is discussed in Chapter 10.
Specimens heat treated for 5 minutes and at high undercooling for 30 minutes also 
revealed single phase P(Ti). From both X-ray diffraction and scanning electron 
microscopy it was clear that plates of a(Ti) are present in these specimens. 
Preferential electropolishing of the P(Ti) phase is the likely explanation of these 
observations.
In all other isothermal specimens, a non-lamellar eutectoid microstructure was 
observed, as shown in Figures 7.7a and 7.7b. The microstructure was similar to the 
non-lamellar stmcture detected in hypoeutectoid Ti-Co specimens in this work 
(Chapter 6). The microstructure was essentially composed of plates of a(Ti)
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separated by areas of retained P(Ti). The intermetallic phase, TiCr2, was detected 
growing at a(Ti):P(Ti) boundaries, SADPs for a(Ti) and P(Ti) are shown in Figures 
7.8a and 7.8b respectively. Diffuse scattering in SADPs of p(Ti) suggests the 
presence of the omega phase, as discussed in Chapter 10. The presence of the 
intermetallic phase, TiCi'2, was confirmed by EDX analysis. It was not possible to 
obtain a SADP for the inteimetallic phase as it was present in such small quantities, 
patterns therefore became ‘swamped’ by either a(Ti) or P(Ti) spots.
As reported for the Ti-Co system, a(Ti) plates were seen to contain low angle 
boundaries. Each plate typically contained several low angle boundaries which were 
associated with misorientations of the order of 1-2 ° as determined by convergent 
beam electron diffraction (Figure 7.9). Distinct areas of plates were seen, due to 
diffraction effects, to be of the same orientation. Some areas of a(Ti) were detected 
as ’blocks’ and not plates as shown in Figure 7.10. This appears to be due to 
sectioning effects.
a(Ti) plates consistently obeyed different variants of a previously reported 
orientation relationship with the parent p(Ti) in hypoeutectoid specimens (Lee and 
Aaronson, 1988a). Due to difficulties in resolving the two patterns, Kicuchi patterns 
for the two adjacent phases at the same tilts were utilised:
( 0  1 l )p  11 (0  0  0  l)c,
[ 1 1  T ] p l l [ l  1 2 0 L
7.3 Hypoeutectoid Alloy
7.3.1 Introduction
The hypoeutectoid composition utilised was nominally 7.1 wt%Cr. This composition 
was selected because it had previously been examined by other workers (Franti et ai, 
1978; Lee and Aaronson, 1988a). Depending on reaction temperature this 
composition should give between 9 wt% and 10 wt% of the intermetallic phase 
(TiCrz).
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1.3.2 X-Rav Diffraction
In specimens heat treated for 30 seconds at 650 and 660 °C (923 and 933 K) only 
P(Ti) was detected. Specimens heat treated at 30 seconds at 620 and 640 °C (873, 
893 and 913 K) and 5 minutes at 640, 650 and 660 °C (913, 923 and 933 K) 
contained a(Ti) in addition to retained p(Ti). In all other isothermal specimens 
a(Ti), P(Ti) and TiCr2 were detected. The fact that p(Ti) was detected indicates that 
the reaction has not reached completion in these specimens.
In both the specimen slow cooled to room temperature and the specimen heat treated 
at 677 °C (698 K) for 60 minutes prior to heat treatment at 660 °C (933 K) only a(Ti) 
and TiCr2 were detected. The specimen water quenched from 975 °C (1248 K) 
contained only P(Ti) confirming retention of the high temperature phase to room 
temperature at this composition. Following thermomechanical treatment only a(Ti) 
and the intermetallic phase, TiCr2, were detected.
A summary of X-ray diffraction results for all hypoeutectoid specimens is shown in 
Table 7.6. Lattice parameters were calculated for all phases as shown in Table 7.7. 
Sample X-ray diffraction patterns are included in Appendix 1.
Table 7.6 Phases Detected by X-ray Diffraction in Hypoeutectoid Specimens.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C a/TiCr2/p o/TiCrz/p oA’iCrs/p oc/TiCrz/P -
620 o/p o/TiCrz/P o/TiCrz/p oTTiCrs/P -
640 °C o/p o/p o/TiCri/p oTTiCrz/p -
650 (3 (x/p aTTiCiVP oTTiCiVP -
660 °C P o/p ctyTiCr2/p oTTiCrz/P o/TiCrz/p
665 °C - - - - cTTiCrz/p
Slow Cool to Room Temperature o/TiCr2
1 hour @ 677 °C: 120 minutes at 660 °C (933 K) ayTiCr2
1 hour @ 975 °C: water quenched 3
Rolled 48%: 7 days @ 677 °C: 120 minutes @ 650 °C (x/TiCr2
Rolled 48%: 7 days @ 677 °C: 120 minutes @ 660 °C o/TiCrz
Rolled 48%: 7 days @ 677 °C: 120 minutes @ 670 °C a/TiCr2
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Table 7.7a Lattice Parameter Measurements of p(Ti) in 
Hypoeutectoid Specimens / Â.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 ‘‘C a = 3.21(2) a = 3.21(7) a = 3.22(2) a = 3.19(9) -
620 °C a = 3.19(9) a = 3.20(6) a =3.19(8) a = 3.22(1) -
640 °C a = 3.20(7) a = 3.22(2) a =3.21(3) a =3.22(3) -
650 a = 3.21(9) a = 3.21(8) a = 3.20(4) a = 3.21(6) -
660 °C a = 3.20(5) a = 3.20(7) a = 3.20(6) a = 3.19(8) a = 3.20(4)
665 °C - - - - a = 3.19(7)
Slow Cool to Room Temperature N/A
1 hour @ 677 °C; 120 minutes at 660 °C (933 K) N/A
1 hour @ 975 °C: water quenched a = 3.20(7)
Rolled 48%; 7 days @ 677 °C: 120 minutes @ 650 °C N/A
Rolled 48%: 7 days @ 677 ®C: 120 minutes @ 660 °C N/A
Rolled 48%: 7 days @ 677 °C: 120 minutes @ 670 °C N/A
Table 7.7b Lattice Parameter Measurements of a(Ti) in 
Hypoeutectoid Specimens / Â.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C a = 2.96(6) c = 4.62(7)
a = 2.92(6) 
c = 4.63(1)
a = 2.89(6) 
c = 4.57(9)
a = 2.94(4) 
c = 4.67(6)
-
620 °C a = 2.96(2) c = 4.63(1)
a = 2.92(7) 
c = 4.62(9)
a = 2.90(7) 
c = 4.63(2)
a = 2.94(0) 
c = 4.66(2)
-
640 a = 2.96(4) c = 4.63(1)
a = 2.93(2) 
c = 4.65(1)
a = 2.94(7) 
c = 4.63(7)
a = 2.94(8) 
c = 4.66(2)
-
650 N/A a = 2.97(3) c = 4.63(2) a = 2.92(6) c = 4.63(6) a = 2.94(6) c = 4.68(4) -
660 N/A a = 2.93(7) c = 4.64(1) a = 2.93(4) c = 4.65(7) a = 2.94(8) c = 4.67(4) a = 2.95(4) c = 4.70(6)
665 - - - - a = 2.94(6) c = 4.67(5)
Slow Cool to Room Temperature a = 2.94(7) 
c = 4.66(3)
1 hour @ 677 ®C; 120 minutes at 660 °C (933 K) a = 2.93(8) 
c = 4.67(2)
1 hour @ 975 ®C: water quenched N/A
Rolled 48%: 7 days @ 677 *C: 120 minutes @ 650 °C a = 2.93(7) 
c = 4.67(2)
Rolled 48%: 7 days @ 677 ®C: 120 minutes @ 660 °C a = 2.93(4) 
c = 4.67(6)
Rolled 48%: 7 days @ 677 °C: 120 minutes @ 670 °C a = 2.93(7) 
c = 4.67(5)
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Table 7.7c Lattice Parameter Measurements of TiCrz in 
Hypoeutectoid Specimens / A.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C a = 6.97(2) a = 6.97(1) a = 6.97(5) a = 6.96(2) -
620 °C N/A a = 6.98(2) a = 6.96(4) a = 6.96(3) -
640 °C N/A N/A a = 6.95(5) a = 6,88(7) -
650 °C N/A N/A a = 6.94(3) a = 6.95(1) -
660 °C N/A N/A a = 6.89(8) a = 6.96(0) a = 6.97(1)
665 °C - - - - a = 6.89(7)
Slow Cool to Room Temperature a = 6.95(5)
1 hour @ 677 °C: 120 minutes at 665 “C (943 K) a = 6.94(2)
1 hour @ 975 °C: water quenched N/A
Rolled 48%: 7 days @ 677 °C: 120 minutes @ 650 °C a = 6.94(3)
Rolled 48%: 7 days @ 677 °C: 120 minutes @ 660 °C a = 6.95(2)
Rolled 48%: 7 days @ 677 °C: 120 minutes @ 670 °C a = 6.93(7)
The phases determined by X-ray diffraction, in all isothermal specimens, have been 
plotted in the form of a TTT diagram as shown in Figure 7.11.
7.3.3 Reflected Light and Scanning Electron Microscopy
The composition of all specimens was determined from the mean of 25 individual 
analysis determined by quantitative analysis with a ZAF correction. The composition 
of the alloy, determined as the average of all specimens, was found to be 7.04 
wt%Cr.
In specimens heat treated for 30 seconds no distinguishable features were observed. 
Following heat treatment for 5 minutes at low undercooling, a(Ti) plates were 
observed forming from grain boundaries. At higher undercooling the volume 
fraction of a(Ti) plates increased and a(Ti) plates also formed intragranularly 
(Figures 7.12a and 7.12b).
Heat treatment for 30 minutes at both low and high undercooling, 60 minutes at low 
and high undercooling and 120 minutes at low undercooling resulted in 
microstructures containing a ‘basket weave’ of a(Ti) plates covering the entire 
specimen as shown in Figures 7.13a and 7.13b. This microstructure is similar to that 
observed in the hypoeutectoid Ti-Co alloy. As in Ti-Co, it was not possible to detect
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the location of the intermetallic phase, although p(Ti) could be seen to separate the 
a(Ti) plates.
This microstructure has been classified as bainite by several workers (Franti et a l, 
1978; Lee and Aaronson, 1988a). If the microstructure is bainite then the 
intermetallic phase, TiCiz, would be present at a(Ti) plate boundaries. This phase is 
too fine to distinguish with either reflected light or scanning electron microscopy. 
Transmission electron microscopy must therefore be utilised to characterise the 
microstructure completely.
Slow cooling from 975 °C (1248 K) to room temperature again resulted in the 
‘basket weave’ structure of plates of a(Ti) growing inside a P(Ti) matrix as shown in 
Figure 7.14. It is evident that the plates of a(Ti) in this specimen are notably larger 
than those formed following isothermal heat treatment as would be expected with a 
considerably slower cooling rate.
As in hypoeutectoid Ti-Co, specimens rolled prior to solution treatment and heat 
treatment contained rounded proeutectoid particles of a(Ti) in addition to the very 
fine two phase microconstituent. Again, examination at high magnifications 
suggested that one of the two phases in the microconstituent was discontinuous.
7.3.4 Transmission Electron Microscopv
The non-lamellar microstructure was examined by TEM in order to determine the 
location of the intermetallic phase and obtain crystallographic data.
Examination of the non-lamellai' microstracture observed by reflected light and 
scanning electron microscopy revealed plates of a(Ti) sepaiated by small quantities 
of p(Ti) with the intermetallic phase, TiCiz, at a(Ti):p(Ti) boundaries (Figures 7.15a, 
7.15b). This was confiiTned by both EDX elemental analysis and selected area 
diffraction. This non-lamellar microstructure is the same as that detected in eutectoid 
Ti-Cr specimens and hypoeutectoid Ti-Co specimens.
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SADP’s of P(Ti) revealed evidence of diffuse scattering. This could be due to the 
presence of omega phase and is discussed in Chapter 10.
a(Ti) plates were found to contain low angle boundaries associated with 
misorientations of the order of 1-2 ° as determined by convergent beam electron 
diffraction. It was also evident, due to diffraction effects, that distinct areas of plates 
were of the same orientation (Figure 7.16).
As in eutectoid specimens, a(Ti) plates consistently obeyed different variants of the 
same, previously reported, orientation relationship with the parent phase p(Ti) (Lee 
and Aaronson, 1988a).
It was not possible to obtain crystallographic data for the intermetallic phase in the 
specimen. This was due to the fact that the quantity of the phase was so small any 
diffraction patterns obtained were ‘swamped’ by a(Ti).
7.4 Hvpereutectoid Allov
7.4.1 Introduction
The hypereutectoid composition was nominally 23.0 wt%Cr. This composition was 
selected to achieve 65% proeutectoid 35% eutectoid as calculated from the Lever 
Rule.
7.4.2 X-Rav Diffraction
In specimens heat treated for 30 seconds at 620, 640, 650 and 660 °C (893, 913, 923 
and 933 K) only P(Ti) was detected. Specimens heat treated for 30 seconds at 
600 °C (873 K) and all temperatures for 5 minutes contained TiCrz in addition to 
retained P(Ti). In all other isothermal specimens a(Ti), P(Ti) and TiCrz were 
detected.
In both the specimen slow cooled to room temperature and heat treated at 677 °C 
(698 K) for 60 minutes prior to heat treatment at 660 °C (933 K) only a(Ti) and
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TiCf2 were detected. The specimen water quenched from 975 °C (1248 K) contained 
only p(Ti), confirming its retention to room temperature at this composition.
Table 7.7 contains a summary of all hypereutectoid X-ray diffraction results. Sample 
X-ray diffraction patterns are shown in Appendix 1. Lattice parameters were again 
calculated for all phases and are summarised in Table 7.8
Table 7.7 Summary of Phases Detected by X-ray Diffraction in Hypereutectoid
Specimens.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C TiCrz/p TiCrz/P a / T i C r z / p a / T i C rz / P -
620 °C 3 TiCrz/p a  / TiCrz / P a / T i C r z / p -
640 °C P TiCrz/p a / T i C r z / p a / T i C r z / P -
650 °C P TiCrz/p a / T i Cr z / P a / T i C rz / P -
660 °C P TiCrz/P a / T i C r z / p a / T i C r z / p a  / TiCrz / P
665 °C - - - - a / T i C r z / p
Slow Cool to Room Temperature a/TiCrz
1 hour @ 677 ®C: 120 minutes at 660 °C (933 K) a/TiCrz
1 hour @ 975 °C: water quenched p
Table 7.8a Lattice Parameter Measurements of P(Ti) in 
Hypereutectoid Specimens/A.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C a = 3.21(2) a = 3.21(3) a = 3.21(5) a = 3.21(3) -
620 °C a = 3.20(7) a =3.20(5) a = 3.20(6) a = 3.19(8) -
640 °C a = 3.21(3) a =3.19(8) a = 3.21(4) a =3.20(5) -
650 °C a = 3.21(5) a =3,21(2) a = 3.22(3) a = 3.20(4) -
660 °C a = 3.20(7) a = 3.22(0) a = 3.18(8) a = 3.20(7) a = 3.21(3)
665 - - - - a = 3.20(5)
Slow Cool to Room Temperature N/A
1 hour @ 677 ®C; 120 minutes at 660 °C (933 K) N/A
1 hour @ 975 °C: water quenched a = 3.22(5)
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Table 7.8b Lattice Parameter Measurements of a(Ti) in 
Hypereutectoid Specimens/A.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C N/A N/A a = 2.95(4) c = 4.67(6) a = 2.96(5) c = 4.73(1) -
620 °C N/A N/A a = 2.95(7) c = 4.78(8) a = 2.94(6) c = 4.72(6) -
640 °C N/A N/A a = 2.96(6) c = 4.66(3) a = 2.96(7) c = 4.65(5) -
650 °C N/A N/A a = 2.95(3) c = 4.65(5) a = 2.96(3) c = 4.66(4) -
660 °C N/A N/A a = 2.97(4) c = 4.72(4) a = 2.97(5) c = 4.69(3) a = 2.96(6) c = 4.65(2)
665 - - - - a = 2.97(4) 
c = 4.71(3)
Slow Cool to Room Temperature a = 2.94(3) 
c = 4.68(5)
1 hour @ 677 °C: 120 minutes at 660 °C (943 K) a = 2.96(5) 
c = 4.67(3)
1 hour @ 975 ®C: water quenched N/A
Table 7.8c Lattice Parameter Measurements of TiCrz in 
Hypereutectoid Specimens / Â.
30 seconds 5 minutes 30 minutes 60 minutes 120 minutes
600 °C a = 6.97(3) a = 6.89(0) a = 6.97(0) a = 6.89(7) -
620 °C N/A a = 6.95(5) a = 6.97(3) a = 6.88(9) -
640 °C N/A a = 6.96(6) a = 6.96(4) a = 6.93(2) -
650 °C N/A a = 6.95(3) a = 6.95(5) a =6.97(5) -
660 °C N/A a = 6.87(8) a = 6.98(1) a = 6.95(6) a = 6.88(2)
665 °C - - - - a = 6.96(4)
Slow Cool to Room Temperature a = 6.94(6)
1 hour @ 677 “C: 120 minutes at 660 ®C (943 K) a = 6.96(7)
1 hour @ 975 °C: water quenched N/A
The phases detected by X-ray diffraction in all isothermally heat treated specimens 
have been plotted in the form of a TTT diagram as shown in Figure 7.17.
7.4.3 Reflected Light and Scanning Electron Microscopy
The composition of each specimen was calculated from the mean of 25 analyses 
determined by quantitative analysis with a ZAP correction. The composition of the 
alloy, determined as the average of all specimens, was found to be 22.06 wt%Cr.
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The microstructure of all specimens heat treated for 30 seconds contained no 
distinguishing features. Following heat treatment for 5 minutes, 30 minutes, 60 
minutes and 120 minutes at low magnifications (apx. 500X) no distinguishable 
features were observed (Figure 7.18). At high magnifications (> lOOOX) a two phase 
microstructure was apparent although it could not be resolved clearly by either 
reflected light or scanning electron microscopy (Figure 7.19).
Heat treatment at 677 °C (968 K) for 60 minutes prior to heat treatment at 660 °C 
(933 K) for 120 minutes again resulted in a very fine two phase microstructure which 
could not be clearly resolved by either reflected light or scanning electron 
microscopy, as shown in Figure 7.20.
Slow cooling from 975 °C (1248 K) to room temperature results in allotriomorphs of 
the intermetallic phase, TiCrz, at grain boundaries and triple points of retained (3(Ti) 
as shown in Figure 7.21.
7.4.4 Transmission Electron Microscopy
Transmission electron microscopy of all hypereutectoid specimens revealed only 
retained P(Ti), again indicating the preferential electropolishing of the j3(Ti) phase.
SADP’s revealed diffuse scattering in p(Ti) which could indicate the presence of the 
omega phase. This is discussed in Chapter 10.
7.5 Mechanical Properties
In order to determine the microstructure effects on mechanical properties, values of 
microhardness were determined for all specimens, as described in Chapter 5.
The microhardness of specimens was determined from the mean of 20 individual 
analyses on each specimen. The value for each composition Ti-Cr alloy were found 
to be similar indicating no effect due to heat treatment. Values were only seen to 
increase with an increase in volume of the alloying element i.e. Cr.
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The limits of microhardness and mean values are presented in Table 7.9.
Table 7.9 Microhardness of Ti-Cr Alloys.j/
Hypoeutectoid Eutectoid Hypereutectoid
Min Hv 396.0: 466.3''' 503.6'
Max Hv 410.7 482.6 52L6'
Hv 401.3 477.6 , 511.12
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Figure 7.1 TTT diagram for Ti-Cr eutectoid alloy 
constructed from X-ray diffraction data.
Figure 7.2 SEM backscattered image Ti-Cr / Eutectoid 640 °C for 5 minutes,
a(Ti) plates forming at grain boundaries and intragranularly.
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Figure 7.3 SEM backscattered image Ti-Cr / eutectoid 600 °C for 5 minutes, 
a(Ti) plates forming at grain boundaries and intragranularly.
Figure 7.4 SEM backscattered image Ti-Cr / eutectoid 660 °C for 30 minutes,
a(Ti) plates forming at grain boundaries and intragranularly.
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Figure 7.5 SEM backscattered image Ti-Cr / eutectoid 665 °C for 120 minutes, 
a(Ti) plates covering large proportion of specimen.
Figure 7.6a SEM backscattered image Ti-Cr / eutectoid slow cooled,
a(Ti) plates.
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Figure 7.6b SEM backscattered image Ti-Cr / eutectoid slow cooled,
a(Ti) plates.
Figure 7.7a TEM image Ti-Cr / eutectoid 665 °C for 5 minutes,
‘non-lamellar’ microconstituent.
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Figure 7.7b TEM image Ti-Cr / eutectoid 665 °C for 30 minutes, 
‘non-lamellar’ microconstituent.
ot C'L") 'Beanrj "DifecMcn 
Cou 11
Figure 7.8a Ti-Cr / eutectoid 665 °C for 120 minutes,
selected area diffraction pattern of a(Ti) plate.
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c o w l
Figure 7.8b Ti-Cr / eutectoid 665 °C for 120 minutes, 
selected area diffraction pattern of p(Ti).
0-2. )^Ujnrv
Figure 7.9 TEM image Ti-Cr / eutectoid 665 °C for 30 minutes,
a(Ti) plates containing low angle boundary.
146
Chapter 7. Ti-Cr Results
Figure 7.10 TEM image Ti-Cr / eutectoid 650 °C for 60 minutes, 
a(Ti) blocks in matrix of p(Ti).
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Figure 7.11 TTT diagram for Ti-Cr hypoeutectoid alloy
constructed from X-ray diffraction data.
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Figure 7.12a SEM backscattered image Ti-Cr / hypoeutectoid 640 °C for 5 minutes, 
a(Ti) plates forming from grain boundaries and intragranularly in p(Ti).
Figure 7.12b SEM backscattered image Ti-Cr / hypoeutectoid 640 °C for 5 minutes,
a(Ti) plates forming from grain boundaries and intragranularly in P(Ti).
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0 0 0 4  1 5 . 0 K V
Figure 7.13a SEM backscattered image Ti-Cr / hypoeutectoid 640 °C for 60 
minutes,‘basket weave’ of a(Ti) plates covering entire specimen.
0 0 0 1  1 5 . 0 K V X I , 0 0 0
Figure 7.13b SEM backscattered image Ti-Cr / hypoeutectoid 650 ° C  for
60 minutes, ‘basket weave’ of a(Ti) plates covering entire specimen.
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Figure 7.14 SEM backscattered image Ti-Cr / hypoeutectoid slow cooled, 
‘basket weave’ of a(Ti) plates covering entire specimen.
r
Figure 7.15a TEM image Ti-Cr / hypoeutectoid 620 °C for 60 minutes,
‘non-lamellar’ microconstituent.
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Figure 7.15b TEM image Ti-Cr / hypoeutectoid 620 °C for 60 minutes, 
‘non-lamellar’ microconstituent.
Figure 7.16 TEM image Ti-Cr / hypoeutectoid 665 °C for 120 minutes,
‘non-lamellar’ microconstituent plates all at same orientation.
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Figure 7.17 TTT diagram for Ti-Cr hypereutectoid alloy constructed from X-ray
diffraction data.
Figure 7.18 SEM backscattered image Ti-Cr / hypereutectoid 640 °C for 30 minutes,
very fine two phase microconstituent.
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Figure 7.19 SEM backscattered image Ti-Cr / hypereutectoid 640 °C for 30 minutes,
very fine two phase microconstituent.
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Figure 7.20 SEM backscattered image Ti-Cr / hypereutectoid 660 °C for 60 minutes,
very fine two phase microconstituent.
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Figure 7.21 SEM backscattered image Ti-Cr / hypereutectoid slow cooled, 
allotriomorphs of TiCrz in P(Ti) matrix.
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Chapter 8. Ti-Mn Results
8.1 Heat Treatments
8.1.1 Isothermal Heat Treatments
Following solution treatment at 900 °C (1173 K) in the P(Ti) single phase region, 
specimens were quenched below the eutectoid temperature (T e) to 500 °C (773 K) 
and held for a range of times prior to water quenching. The eutectoid temperature for 
Ti-Mn is 550 °C (823 K) (Murray, 1987). A summary of isotheimal heat treatments 
is presented in Table 8.1. Heat treatments were conducted on hypoeutectoid, 
eutectoid and hypereutectoid Ti-Mn alloys as discussed in Chapter 5.
Table 8.1 Summary of Ti-Mn Isothermal Heat Treatments.
1 hour 14 days 56 days
500 °C y y
8.1.2 Additional Heat Treatments
An additional heat treatment was completed on all three Ti-Mn alloys to determine 
whether P(Ti) could be retained to room temperature. This was completed by 
solution treating specimens at 900 °C (1173 K) for 60 minutes before quenching 
specimens in water.
A much reduced number of heat treatments were completed on the Ti-Mn alloys 
when compared to Ti-Co and Ti-Cr due to the amount of time taken for a reaction to 
occur. This can be seen by examining the TTT diagrams shown in Chapter 4, 
Section 4.7.
8.2 Eutectoid Alloy
8.2.1 Introduction
According to the phase diagram of Murray (1987), the eutectoid composition of Ti- 
Mn is Ti-16.8 wt%Mn and the eutectoid temperature is 550 °C (823 K).
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It should be noted that although the non-lamellar eutectoid and martensitic phases 
exhibit similar microstructures, martensite should not be a consideration in these 
specimens as p(Ti) is known to be retained upon the addition of 4.5 - 5.5 wt%Mn 
(Duwez, 1953).
8.2.2 X-Ray Diffraction
Three indiyidual phases were detected by X-ray diffraction although not in eyery 
specimen. Considering the specimen heat treated for 1 hour, at 500 °C (723 K), 
P(Ti) was the only phase detected. This result indicates that the eutectoid 
decomposition of p(Ti) has either not commenced or the yolume fraction of a(Ti) 
and TiMn are too small for detection (< 0.05). The specimen heat treated for 14 days 
contained both a(Ti) and P(Ti). In the specimen heat treated for 56 days three phases 
were obseryed, a(Ti), p(Ti) and TiMn, The presence of P(Ti) indicates that the 
reaction has not reached completion under these conditions.
Following water quenching from 900 °C (1173 K) only p(Ti) was detected 
confirming the retention of this phase to room temperature upon the addition of 16.8 
wt%Mn to Ti.
A summary of the phases detected for all heat treatments is shown in Table 8.2, 
Lattice parameters were calculated for all three phases as summarised in Table 8.3. 
Some X-ray diffraction patterns are included in Appendix 1.
Table 8.2 Summary of Phases Detected by X-ray Diffraction in Eutectoid
Specimens.
1 hour 14 days 56 days
500 °C p a / P a  /p/ TiMn
900 °C water quench
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Table 8.3 Lattice Parameter Measurements in Eutectoid Specimens / Â.
1 hour 14 days 56 days
500 °C P:a = 3.21(l) a  : a = 2.95(3) 
c = 4.72(2) 
P: a =3.18(9)
a; a = 2.94(2) 
c = 4.69(2) 
P: a = 3.21(0) 
TiMn: a = 8.17(7) 
c =  11.16(9)
900 °C water quench p; a = 3.20(9)
The phases detected by X-ray diffraction have been plotted in the form of a TTT 
diagram, as shown in Figure 8.1.
8.2.3 Reflected Light and Scanning Electron Microscopy
The composition of each specimen was calculated from the mean of 25 individual 
analyses determined by quantitative analysis with a ZAF coiTection (as described in 
Chapter 5). The composition of the alloy, determined as the average of all specimens, 
was found to be 16.64 wt%Mn, which is very close to the eutectoid composition of 
16.8 wt%Mn.
In both the specimen heat treated for 1 hour at 500 °C (773 K) and the specimen 
water quenched from 900 °C (1173 K) no distinguishable features were observed in 
what appeared to be single phase microstructures. This is in agreement with the 
results obtained from X-ray diffraction where only p(Ti) was detected. It can 
therefore be concluded that p(Ti) is the only phase present in both specimens.
Following heat treatment for 14 days, a(Ti) plates were observed growing from grain 
boundaries, sub-grain boundaries and intragranularly as shown in Figures 8.2a, b and 
c. The a(Ti) plates observed differed considerably from those observed in the Ti-Co 
and Ti-Cr systems. The a(Ti) plates in the Ti-Mn alloys were considerably shorter 
than those observed in Ti-Co and Ti-Cr alloys having a markedly lower aspect ratio 
(Figure 8.3a, b and c).
Following heat treatment for 56 days, a non-lamellar ‘basket weave’ microstructure 
was detected, as shown in Figures 8.4a and 8.4b, although not covering the entire
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Specimen. Several areas of retained (3(Ti) were observed with plates of a(Ti) in 
them, as observed in the specimen heat treated for 14 days (Figure 8.5). It was not 
possible to determine the location of the intermetallic phase, TiMn, with either 
reflected light or scanning electron microscopy.
Digital image analysis was performed using a Link™ system on all Ti-Mn isotheimal 
specimens in an attempt to quantify the volume of a(Ti) plates present. Figures 8.6a 
and 8.6b demonstrate the results obtained whilst Table 8.4 summarises the volume 
fraction of a(Ti) plates present. It is clearly evident that the volume of a(Ti) plates 
increases with reaction time.
Table 8.4 Volume Fraction of a(Ti) Plates Following Isothermal Heat Treatment
1 hour 14 days 56 days
500 °C 0.00 0.39 0.78
8.2.4 Transmission Electron Microscopy
Transmission electron microscopy of the specimen heat treated for 1 hour revealed 
only single phase (3(Ti) (Figure 8.7). Selected area diffraction and EDX elemental 
analysis confirmed that the microstructure was P(Ti) although diffuse scattering was 
also detected as shown in Figure 8.8. This could be an indication of the presence of 
the omega phase as discussed in Chapter 10.
Examination of the specimen heat treated for 14 days confirmed the presence of 
a(Ti) plates growing into the high temperature phase p(Ti) (Figure 8.9). The fact 
that the plates were a(Ti) was confirmed by both EDX and SAD. A selected area 
diffraction pattern for a(Ti) is shown in Figure 8.10. The plates were much shorter 
and narrower than the plates observed in both Ti-Co and Ti-Cr specimens and did not 
appear to contain the low angle boundaries observed in the longer plates in both the 
Ti-Co and Ti-Cr systems.
Transmission electron microscopy of the specimen heat treated for 56 days, 
confirmed that the non-lamellar eutectoid did not cover the entire specimen as
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several areas of single phase P(Ti) were detected. Once again diffuse scattering was 
observed in SADP’s of p(Ti) indicating the presence of the omega phase. Figure 
8.11a shows the diffuse scattering detected in a SADP of P(Ti) whilst the 
corresponding microstructure which was seen to be slightly ‘mottled’ is seen in 
Figures 8.11b and 8.11c. This is discussed in Chapter 10. The plates of a(Ti) 
present in the non-lamellar microstructure were longer than those detected at 1 hour 
and 14 days and contained low angle boundaries as observed in plates in both Ti-Co 
and Ti-Cr systems although a much lower quantity. The boundaries were associated 
with misorientations of the order of 1-2° as determined by convergent beam electron 
diffraction. This is in-keeping with the low angle boundaries observed in both Ti-Co 
and Ti-Cr.
In the specimens heat treated for 14 days and 56 days, where plates of a(Ti) were 
detected growing from P(Ti), the plates consistently obeyed different variants of the 
same rational orientation relationship with the parent p(Ti) phase.
( OOOl ) a l l ( Ol  1)|J
[1 2 1 O ld  I [1 1 T]p
This is in keeping with both the Ti-Cr and Ti-Co (Lee and Aaronson, 1988a). This 
indicates that there is no ciystallographic difference between the long almost 
perfectly formed plates observed in Ti-Co and the shorter, narrower plates observed 
in Ti-Mn.
8.3 Hypoeutectoid Allov
8.3.1 Introduction
The hypoeutectoid composition utilised was nominally 9.7 wt%Mn. This 
composition was selected as it had previously been examined (Franti et al., 1978). 
At 500 °C (773 K) this composition should give approximately 3 wt% of the 
intermetallic phase (TiMn).
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8.3.2 X-Ray Diffraction
X-ray diffraction of the specimen heat treated for 1 hour revealed two phases, a(Ti) 
and p(Ti). Following heat treatment for 14 days, the intermetallic phase, TiMn, was 
detected in addition to a(Ti) and P(Ti). The presence of P(Ti) suggests that eutectoid 
decomposition had not reached completion in this specimen. Heat treatment for 56 
days resulted in only a(Ti) and TiMn being detected. This indicates that the reaction 
had either reached completion or the volume fraction of retained p(Ti) was < 0.05.
Table 8.5 summarises all phases found whilst lattice parameter measurements are 
shown in Table 8.6. Sample X-ray diffraction patterns are included in Appendix 1.
Table 8.5 Summary of Phases Detected by X-ray Diffraction in Hypoeutectoid
Specimens
1 hour 14 days 56days
500 °C a /  p a  / p / TiMn a  / TiMn
900 °C water quench p
Table 8.6 Lattice Parameter Measurements in Hypoeutectoid Specimens / À
I hour 14 days 56 days
500 °C P: a = 3.23(1) 
a: a = 2.86(4) 
c = 4.67(8)
a  : a = 2.86(4) 
c = 4.67(8)
P: a= 3.25(5) 
TiMn: a = 8.18(3) 
c=  11.18(0)
a: a = 2.94(3) 
c = 4.68(2)
TiMn = a = 8.17(5) 
c =  11.17(2)
900 °C water quench P: a = 3.21(9)
The phases determined by X-ray diffraction have been plotted onto a TTT diagram as 
shown in Figure 8.12.
8.3.3 Reflected Light and Scanning Electron Microscopy
The composition of each specimen was determined from the mean of 25 individual 
analyses determined by quantitative analysis with a ZAF correction. The composition 
of the alloy, determined as the average of all specimens, was found to be 9.26 
wt%Mn.
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Reflected light and scanning electron microscopy of the specimen heat treated for 1 
hour revealed plates of a(Ti) growing from both grain and subgrain boundaries into 
the high temperature phase P(Ti), as shown in Figures 8.13a and 8.13b. As in the 
eutectoid alloy, a(Ti) plates differed from those observed in Ti-Co and Ti-Cr alloys 
having a markedly lower aspect ratio.
Following heat treatment for 14 days, a(Ti) plates were again observed forming from 
grain and subgrain boundaries, in addition to intragranularly, as shown in Figure 
8.14. As for the specimen heat treated for 1 hour, the plates also differed pcMTi-Co 
and Ti-Cr.
Heat treatment for 56 days resulted in a completely non-lamellar ‘basket weave’ 
microstructure (Figure 8.15). It was not possible to determine the location of the 
intermetallc phase, TiMn, with either reflected light or scanning electron microscopy. 
Specimens therefore required further examination by transmission electron 
microscopy.
Digital image analysis was again performed using a Link^M system on all Ti-Mn 
isothermal specimens in an attempt to quantify the volume of a(Ti) plates present. 
Table 8.7 summaiises the volume fraction of a(Ti) plates present. It is clearly 
evident that the volume of a(Ti) plates increases with an increase in reaction time.
Table 8.7 Volume Fraction of a(Ti) Plates Following Isothermal Heat Treatment.
1 hour 14 days 56 days
500 °C 0.21 0.45 0.83
8.3.4 Transmission Electron Microsconv
Transmission electron microscopy of the specimens heat treated for 1 hour and 14 
days revealed a(Ti) plates forming in a (3(Ti) matrix. Both phases were determined 
by selected area diffraction. SADP’s of (3(Ti) again revealed diffuse scattering, 
indicating the presence of the omega phase (Figure 8.16).
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The non-lamellar ‘basket weave’ eutectoid formed after heat treatment for 56 days 
was clearly visible when examined by TEM (Figures 8.17a and 8.17b). A very small 
quantity of p(Ti) was detected between a(Ti) plates. The intermetallic phase, TiMn, 
was seen to have foimed at a(Ti):(3(Ti) boundaries. As in a(Ti) plates in Ti-Co and 
Ti-Cr, low angle boundaries were observed with oc(Ti) plates although they were less 
common. Boundaries were again associated with misorientations of the order of 1-2 
° as determined by convergent beam electron diffraction. It was also evident that, 
due to diffraction effects, distinct areas of plates were at the same orientation.
Selected area diffraction again revealed that a(Ti) plates consistently obeyed 
different variants of the same, previously reported, orientation relationship with the 
parent phase.
( O O O l ) J I  (0 1 Dp
[1 2  1 0 ] a l |  [1 1 T ] |)
It was not possible to obtain crystallographic data for the intermetallic phase as it was 
present in such small quantities any diffraction patterns were ‘swamped’ by the a(Ti) 
phase.
8.4 Hvpereutectoid Allov 
8.4.1 Introduction
The hypereutectoid composition was nominally 19.2 wt%Mn. This composition was 
selected to achieve 65% proeutectoid 35% eutectoid as calculated by the Lever Rule.
g.4.2 X-Rav Diffraction
Three individual phases were again detected by X-ray diffraction, a(Ti), p(Ti) and 
TiMn. P(Ti) was detected as the only phase in both the specimens heat treated for 1 
hour and 14 days, indicating the eutectoid decomposition reaction has not 
commenced at these reaction times. The specimen heat treated for 56 days was 
found to contain a(Ti), (3(Ti) and TiMn. Following water quenching from 900 °C
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(1173 K) only P(Ti) was detected. This confirms that the high temperature phase can 
be retained to room temperature upon the addition of 19.2 wt%Mn.
Table 8.8 contains a summary of all hypereutectoid X-ray diffraction results. Lattice 
parameters were again calculated for all phases and are summarised in Table 8.9 
Examples of X-ray diffraction patterns are shown in Appendix 1.
Table 8.8 Summary of Phases Detected by X-ray Diffraction in Hypereutectoid
Specimens.
1 hour 14 days 56 days
500 °C 3 3 a / 3 /TiMn
900 °C water quench 3
Table 8.9 Lattice Parameter Measurements in Hypereutectoid Specimens / A.
1 hour 14 days 56 days
500 °C p = 3.19(3) P = 3.19(2) a: a = 2.94(2) c = 4.73(8)
P = 3.19(0)
TiMn = a = 8.16(4) 
c =  11.15(7)
900 °C water quench P = 3.19(3)
The phases determined by X-ray diffraction have been plotted in the form of a TTT 
diagram as shown in Figure 8.18.
8.4.3 Reflected Light and Scanning Electron Microsconv
The composition of each specimen was calculated from the mean of 25 analyses 
determined by quantitative analysis with a ZAF correction. The composition of the 
alloy, determined as the average of all specimens, was found to be 19.09 wt%Mn.
In both the specimen heat treated for 1 hour and 14 days no distinguishing features 
were observed in what appeared to be single phase microstmctures. This is in­
keeping with X-ray diffraction results where only P(Ti) was detected. It can 
therefore be concluded that after heat treatment for 1 hour or 14 days at 500 °C (773 
K) eutectoid decomposition has not commenced.
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Following heat treatment for 56 days, plates of a(Ti) were observed growing from 
grain boundaries, subgrain boundaries and intragranularly as shown in Figure 8.19. 
As with the eutectoid and hypoeutectoid specimens, it was not possible to locate the 
intermetallic phase, TiMn, with either reflected light or scanning electron 
microscopy.
Digital image analysis was performed to quantify the volume of a(Ti) plates present. 
Table 8.10 summarises the volume fraction of a(Ti) plates present.
Table 8.10 Volume Fraction of a(Ti) Plates Following Isothermal Heat Treatment.
1 hour 14 days 56 days
1 500 0.00 0.00 0.29
8.4.4 Transmission Electron Microscopv
Transmission electron microscopy of the specimens heat treated for 1 hour and 14 
days revealed single phase p(Ti). Selected area diffraction confirmed the presence of 
p(Ti) in addition to diffuse scattering which could indicate the presence of the omega 
phase. This is discussed in Chapter 10.
Following heat treatment for 56 days, P(Ti) was clearly visible and again diffuse 
scattering was present in SADP’s. Plates of ct(Ti) were detected, although they were 
much shorter and narrower than plates observed in Ti-Co and Ti-Cr specimens.
8.5 Mechanical Properties
In order to determine the microstructure effects on mechanical properties, values of 
microhardness were determined for all specimens as described in Chapter 5.
The microhardness of specimens was determined from the mean of 20 individual 
analyses on each specimen. The value for each composition Ti-Mn alloy was found 
to be similar, indicating no effect due to heat treatment. Values were only seen to 
increase with an increase in volume of the alloying element i.e. Mn.
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The limits and mean values of microhardness are presented in Table 8.11.
Table 8.11. Microhardness of Ti-Mn Specimen^
Hypoeutectoid Eutectoid Hypereutectoid
Hv (kfi /  mm^) 414.3 ■ 505.4: 522.85
Hv (k ç / mm^) 433.5: 521.8-‘ 545.25-
Hv (ka/mm^) 424.1.' 515.4 531.6.;
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Figure 8.1 Ti-Mn / eutectoid TTT diagram derived from X-ray diffraction results of
this work.
0 0 3 0  1 5 . 0 K U X50 100Hm
Figure 8.2a SEM backscattered image Ti-Mn / eutectoid 500 °C for 14 days,
black plates of a(Ti) growing from grain boundaries, sub-grain boundaries and
intragranularly.
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Figure 8.2b SEM image Ti-Mn / eutectoid 500 °C for 14 days, 
black plates of a(Ti) growing from grain boundaries and intragranularly.
0014 15.0KU
Figure 8.2c SEM backscattered image Ti-Mn / eutectoid 500 °C for 14 days,
as Figure 8.2b black plates of a(Ti) growing from grain boundaries and
intragranularly.
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0 0 2 2  15 . 0 KU
Figure 8.3a SEM backscattered image Ti-Mn / eutectoid 500 °C for 14 days, 
black plates of a(Ti) growing from grain boundaries, sub-grain boundaries and
intragranularly.
Figure 8.3b SEM image Ti-Mn / eutectoid 500 °C for 14 days,
black plates of a(Ti) growing from grain boundaries, sub-grain boundaries and
intragranularly.
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Figure 8.3c SEM backscattered image Ti-Mn / eutectoid 500 °C for 14 days, 
as Figure 8.3b black plates of a(Ti) growing from grain boundaries, sub-grain 
boundaries and intragranularly.
Figure 8.4a SEM image Ti-Mn / Eutectoid 500 °C for 56 days,
‘non-lamellar’ microconstituent.
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Figure 8.4b SEM backscattered image Ti-Mn / eutectoid 500 °C for 56 days, 
as Figure 8.4a ‘non-lamellar’ microconstituent.
_ _ _ _ _
■
1
Figure 8.5 SEM backscattered image Ti-Mn / eutectoid 500 °C for 56 days,
‘non-lamellar’ microconstituent with retained P(Ti).
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Figure 8.6a Ti-Mn / eutectoid 500 °C for 14 days, 
digital image obtained for image analysis.
m
%
Figure 8.6b Ti-Mn / eutectoid 500 °C for 14 days,
image analysis of Figure 8.6a.
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Figure 8.7 TEM image Ti-Mn / eutectoid 500 °C for 1 hour. 
Single Phase P(Ti).
W e ™
ipfc): C o n l 'Beam Olrechbo
Figure 8.8 Ti-Mn / eutectoid 500 °C for 1 hour,
selected area diffraction pattern of P(Ti).
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I
Figure 8.9 TEM image Ti-Mn / eutectoid 500 °C for 14 days, 
a(Ti) plates growing Into p(Ti) matrix.
« ( L  ) 0eom Otr c ch'cn 
1 C i î i Q l
Figure 8.10 Ti-Mn / eutectoid 500 °C for 14 Days,
selected area diffraction pattern of a(Ti) plate.
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t a
rec rio n
Figure 8.11a Ti-Mn / eutectoid 500 °C for 56 days, 
selected area diffraction pattern of p(Ti) containing diffuse scattering.
Figure 8.11b TEM image Ti-Mn / eutectoid 500 °C for 56 Days,
microstructure corresponding to Figure 8.11a.
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Figure 8.11c TEM image Ti-Mn / eutectoid 500 °C for 56 days, 
microstructure corresponding to Figure 8.1 la.
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■ alpha + compound
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Figure 8.12 Ti-Mn / hypoeutectoid IT T  diagram derived from X-ray diffraction
results of this work.
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O
Figure 8.13a SEM image Ti-Mn / hypoeutectoid 500 °C for 1 hour, 
black plates of a(Ti) growing from grain boundaries, sub-grain boundaries and
intragranularly.
Figure 8.13b SEM backscattered image Ti-Mn / hypoeutectoid 500 °C  for 1 hour,
as Figure 8.13a black plates of a(Ti) growing from grain boundaries, sub-grain
boundaries and intragranularly.
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Figure 8.14 SEM image Ti-Mn / hypoeutectoid 500 °C for 14 Days, 
black plates of a(Ti) growing from grain boundaries, sub-grain boundaries and
intragranularly.
Figure 8.15 SEM backscattered image Ti-Mn / hypoeutectoid 500 °C for 56 days,
‘non-lamellar’ microconstituent.
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Figure 8.16 Ti-Mn / hypoeutectoid 500 °C for 1 hour, 
selected area diffraction pattern of P(Ti).
r
TTrrvv
Figure 8.17a TEM image Ti-Mn / hypoeutectoid 500 °C  for 56 days,
‘non-lamellar’ microconstituent.
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TffV>
Figure 8.17b TEM image Ti-Mn / hypoeutectoid 500 °C for 56 days, 
‘non-lamellar’ microconstituent.
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Figure 8.18 Ti-Mn / hypereutectoid TTT diagram derived from X-ray diffraction
results of this work.
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0 0 0 1 /  20.0KV X I . 0 0 0 10Hm
Figure 8.19 SEM backscattered image Ti-Mn / hypereutectoid 500 °C for 56 days, 
black plates of a(Ti) forming from grain boundaries, sub-grain boundaries and
intragranularly.
181
Chapter 9. Definitions o fP earlite  and Bainite
Chapter 9. Definitions of Pearlite and Bainite
9.1 Introduction
In spite of the large amount of work undertaken and published literature, there are 
still disagreements suiTounding the general definitions of pearlite and bainite in 
steels. An area of even greater controversy is whether the lamellar and non-lamellar 
microconstituents, which are present following eutectoid decomposition in Ti-X 
alloys, are synonymous with pearlite and bainite in steels. In order to answer this 
question fully two points must be considered. Firstly, pearlite and bainite in steels 
must be defined and secondly, these definitions must be compared with the 
decomposition products of various Ti-X alloys.
This Chapter considers the evidence for pearlite and bainite in steels and proposes 
general definitions for the two microconstituents based upon experimental evidence. 
Chapter 10 will discuss the eutectoid decomposition of Ti-X alloys and compare the 
resulting microconstituents to the derived pearlite and bainite definitions.
9.2 Pearlite
9.2.1 Introduction
As discussed in Chapter 2, since pearlite was first reported by Sorby in 1886, a large 
amount of literature has been published discussing pearlite in steels. The simplest 
definition of pearlite stems from its discovery where it was noted to be alternating 
lamellae of cementite and ferrite. Although this definition appears to describe what 
pearlite is visually, it does not make reference to the growth mechanism, detailed 
morphology or crystallography. In order to compare the lamellar microconstituent 
resulting from eutectoid decomposition in Ti-X alloys and pearlite in steels a 
complete definition of pearlite must be determined.
9.2.2 Morphology
The very simplistic definition of pearlite presented in Section 9.2.1 describes pearlite 
as ‘alternating lamellae of cementite and ferrite’. Although this clearly represents the
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idealised pearlite colony as shown in Figure 9.1, the eutectoid phases which make up 
pearlite need not always exist as neat, parallel lamellae.
Lamellar eutectoid morphologies, other than parallel lamellae of pearlite, have been 
observed in a number of ferrous and non-ferrous alloys (Spencer and Mack, 1953-54; 
Whiting, 1994). Frequently, the two-phase product of eutectoid decomposition is 
non-lamellar although different to bainite (Spencer and Mack, 1953-54). It is 
therefore evident that the definition of pearlite as a lamellar microstructure is 
inadequate and clarification is required to determine the difference between non- 
lamellar pearlite and bainite.
Spencer and Mack (1953-54) noted that the most common example of non-lamellar 
pearlite, referred to as granular pearlite, occurred when one of the eutectoid 
decomposition phases was embedded in a matrix of the other. Examples shown by 
the authors aie reproduced in Figures 9.2a, 9.2b and 9.2c. As in lamellar pearlite 
both phases form directly from the high temperature phase. In addition ‘granular 
pearlite’ has been observed to grow simultaneously with lamellar pearlite into the 
parent phase over a relatively large temperature range. Whiting (1994) observed a 
microstructure similar to the non-lamellar pearlite, detected by Spencer and Mack 
(1953-54), in a near - eutectoid Cu-Al alloy.
Hillert (1962) suggested, based on meticulous sectioning experiments, that pearlite is 
not simply alternating lamellae of ferrite and cementite but two interwoven bi­
crystals. Whiting (1994) suggested that if pearlite is the branched three dimensional 
structure suggested by Hillert (1962), then depending on the way in which a colony is 
sectioned, pearlite need not always be observed as neat, parallel lamellae.
Whiting (1994) tested this hypothesis by examining two polished sides of a cube of a 
near-eutectoid Cu-Al, as shown in Figure 9.3. Whiting (1994) suggested that 
‘pearlite’, at least in the Cu-Al system, can possess one of three apparent 
morphologies due to sectioning, namely regular-lamellar, irregular-angular and 
irregular-spherical. As any specimen prepared for microstructural observation is
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likely to contain several individual colonies of pearlite, each of which will have 
grown at different orientations, all three morphologies will almost certainly be 
present in any one specimen.
What was termed ‘granular pearlite’ by Spencer and Mack (1953-54) therefore 
appears to be due to sectioning of three dimensional pearlite colonies, hence 
demonstrating why both non-lamellar and lamellar pearlite were observed.
An additional morphological feature which results from branching are holes within 
the eutectoid phases. These holes result from the interpenetration of the two phases, 
as shown in Figure 9.4. Although a definition of pearlite cannot be based upon 
whether a eutectoid phase contains holes, it can however be noted as a feature which 
is indicative of a pearlite growth mechanism.
As discussed in Chapter 2, it appears that pearlite grows by a co-operative growth 
mechanism which often gives a three dimensional structure. This again demonstrates 
that pearlite will not always exist as neat parallel lamellae, the structure observed 
depending on the sectioning of the three dimensional colony.
It is clear that, although pearlite is frequently described as lamellar, its microstructure 
does not always consist of neat, parallel alternating lamellae of the two eutectoid 
phases. Hence, a statement in the definition of pearlite should read ‘some areas 
appear to be lamellar although not exclusively. Pearlite’s microstructure may also be 
rounded-irregular or angular-irregular’. This is discussed further in Section 9.2.6.
9.2.3 Interlamellar Heterophase Boundaries
As discussed in Section 2.7.3, there has been a large quantity of literature published 
on the subject of pearlite’s interlamellar heterophase boundaries. Alloy systems 
investigated include Fe-C (Hackney and Shiflet, 1984; Hackney and Shiflet, 1985), 
Fe-C-Mn (Hackney and Shiflet, 1987a,b; Hackney and Shiflet, 1985) and Fe-C-V 
(Zhou and Shiflet, 1992). In all of these alloy systems defects have been observed on 
the interlamellar heterophase boundaries. The defects have been termed direction
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steps due to their hypothesised origin in a ledge growth mechanism and their role in 
maintaining a micro habit plane.
Several workers have examined interlamellar heterophase boundaries in non-ferrous, 
‘pearlites’, including Cu-Be (Beatty et a l, 1988), Cu-Al (Whiting, 1994) and Ti-Fe 
(Fonda and Shiflet, 1989). As in ferrous pearlite, defects, or direction steps, were 
observed on the interlamellar boundaries. Once again such defects appeared to be 
maintaining ‘pearlite’s’ habit plane. Examples of direction steps in both a ferrous 
and non-ferrous alloy are shown in Figures 9.5a and 9.5b. Examples of direction 
steps in Ti-X alloys were shown in Figures 6.14 and 6.34a,b.
As direction steps have been observed in a large number of alloys, both ferrous and 
non-ferrous, they appear to be a general feature of lamellar eutectoid microstructures. 
In addition, as direction steps appear to maintain a habit plane in all examined 
systems, the interphase boundaries appear to be semi-coherent thus indicating that 
misfit compensating defects should also be present. These defects have been 
observed in Fe-C-Mn (Zhou and Shiflet, 1991; Shiflet, 1988), Cu-Al (Whiting, 1994) 
and Cu-Be (Beatty et a l, 1988; Whiting, 1994) at regularly spaced intervals and 
range from 2-10 nm in spacing depending on the alloy system.
The presence of both direction steps and misfit compensating defects appear to be a 
general feature of ferrous and non-ferrous eutectoid microstructures. This indicates 
that similar growth mechanisms are operative. The presence of direction steps are 
key to the similar growth mechanism and must therefore be included in any 
definition. It is also necessary to include the point that direction steps maintain a 
habit plane.
9.2.4 Growth Interface
As discussed in Chapter 2, Hackney and Shiflet (1987a) observed facetting, closely 
spaced misfit compensating defects and irregularly spaced defects on the 
pearlite:austenite growth interface. The authors subsequently proposed that the 
irregularly spaced defects were due to a ledge mechanism being operative during
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pearlite growth. Khalid and Edmonds (1993) agreed that facets and defects exist on 
the peariiteiaustenite growth interface but they disputed the fact that they are growth 
ledges and provide evidence of a ledge growth mechanism.
The main argument of Khalid and Edmonds (1993), as to why the defects are not 
growth ledges, is the fact that the defects are frequently associated with stacking 
faults in the parent austenite. They instead proposed that the interfacial defects are 
the result of impingement of matrix defects with the growth interface. Hackney and 
Shiflet (1987b) suggested that the defects are in fact growth ledges based upon their 
mobility during in situ hot stage TEM.
It is difficult to examine the growth interface of pearlite for a number of reasons. 
Firstly, the high temperature single phase is unstable. It is therefore necessary to 
ensure that this phase can be retained to room temperature. Secondly, several 
workers have noted preferential etching of the high temperature phase .
during TEM sample preparation and hence the growth inteiphase 
cannot be examined in these specimens.
In this work a large number of TEM specimens were made by electropolishing, as 
described in Chapter 5. The lamellar phase growth interface was not observed in any 
specimen including those where it was clearly seen by light and scanning electron 
microscopy (Figure 6.7a). This therefore prevented the growth interface being 
examined during this work and hence the presence of growth ledges can not be 
confirmed or denied in this work.
In spite of the evidence presented by Hackney and Shiflet (1987a,b), the growth of
pearlite by a ledge mechanism remains a matter of controversy. This therefore makesorv
the discussion of the role of interfacial defect^^unhelpful point for a definition.
9.2.5 CrvstallographV
As discussed in Chapter 2, our understanding of the crystallography of pearlite has 
improved in recent years. It is known that no reproducible rational orientation
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relationship exists between either eutectoid phase and the high temperature phase 
into which they are growing. Also a reproducible orientation relationship is known 
to exist between the two eutectoid phases in a pearlite colony. Zhou and Shiflet ( 
1991) suggested that these orientation relationships are distinctive of nucléation sites 
where the Bagaratski orientation relationship exists when pearlite nucleates on a 
proeutectoid phase and the Pitsch-Petch relationship occurs when pearlite nucleates 
on a clean boundary. It has also been suggested that the morphology of the colonies 
depends on the adopted orientation relationship. Mangan and Shiflet (1999) proved 
this to be wrong and concluded that the Pitsch-Petch orientation relationship occurs 
when a colony is cementite nucleated and that this is valid for both sides of the 
eutectoid composition (Section 2.6.2).
Whiting (1994) examined the lamellar eutectoid decomposition product in Cu-Al and 
noted that complexities of the orientation relationships in Fe-C alloys were not 
observed, as the Kurdjumov-Sachs orientation relationship was the only relationship 
observed for this system.
As discussed in Chapter 2, several workers have noted the presence of a habit plane 
between femte and cementite, which appears to be maintained by the presence of 
direction steps.
Any definition of pearlite must therefore include the following statements: (i) no 
orientation relationship exists between either pearlite phase and the parent phase into 
which they are growing (ii) a rational reproducible orientation relationship exists 
between the peariitic phases and (iii) a habit plane is present between both pearlite 
phases maintained by the presence of direction steps.
9.2.6 Summarv
Shiflet and co-workers suggested that crystallography and interfacial structure may be 
of more importance than a lamellar morphology in pearlite. Thus, when a 
microstmcture is not visibly lamellar, it may still be pearlite.
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A checklist of experimental facts for pearlite is proposed upon which its definition is 
based. Any microstructure complying with all the suggested points can be confirmed
to be peariitic, whether or not it appears visibly lamellar. The checklist for the
definition of pearlite is as follows:
• A morphology consistent with co-operative growth: generally lamellar although 
not exclusively.
• Holes due to interpenetration of phases.
• Orientation relationship exists between the two peariitic phases
• No rational reproducible orientation relationship exists between either phase and 
the parent phase into which they are growing.
• Direction steps are observed on interlamellar boundaries which maintain a habit
plane on a microscopic scale.
9.3 Bainite
9.3.1 Introduction
A simple definition of bainite is that it is the non-lamellar microstructure resulting 
from the eutectoid decomposition of austenite in steels. As discussed in Section
9.2.2 pearlite can also be non-lamellar and this definition of bainite is therefore 
inadequate. There is a large amount of controversy surrounding bainite, arising 
predominantly from the use of three definitions, see Chapter 3. From these 
definitions what is termed bainite by one definition might not be by another.
Bhadeshia (1992) presented a ‘checklist’ definition for bainite in steels. This is 
shown in Table 9.1. The table indicates the key characteristics of phase 
transformations in steels, which can be regarded as a working hypothesis consistent 
with available experimental data for ferrous products. The nomenclature used for the 
transformation products is as follows: martensite (a ’), lower bainite (aib), upper 
bainite (aub), acicular ferrite (Oa), Widmanstatten ferrite (cXw), allotriomorphic ferrite 
(a), idiomorphic ferrite (%), pearlite (P), substituional alloying elements (X). 
Consistency of a comment with the transformation is noted (=), inconsistency by (#); 
cases where the comment is only sometimes consistent with the transformation are
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indicated by (0). The term parent y implies the y grain in which the product phase 
grows. Bhadeshia (1992) noted that it is not justified to distinguish massive ferrite 
from a.
Table 9.1 Checklist Definition of Bainite in Steels after Bhadeshia (1992)
Comment a ’ OCib Otub OCa CX\v a cti P
Nucléation and growth reaction = = = = = = = =
Plate morphology = = = = 9t It 9*
IPS shape change with shear component = = = = = 9^ I t 9^
Diffusionless nucléation = It 9^ I t 9^ 9^
Only carbon diffuses during nucléation = = = It 96 9t
Reconstructive diffusion during nucléation 5* It = z: =
Often nucleates intragranularly on defect = = 9^ = i t
Diffusionless growth = = = = I t i t i t I t
Reconstructive diffusion during growth 9t i t 9^ = = =
Atomic correspondence (all atoms) during 
growth
— — “ i t 96 96
Atomic conespondence, during growth, for 
atoms in substitutional sites
= = = It It 9*
Bulk redistribution of X atoms during growth i t 9^ i t 0 0 0
Local equilibrium at interface during growth i=- 9^ 9^ 9^ 0 0 0
Local pai'aequilibrium at interface during 
growth 9^
i t = 0 0 0
Diffusion of carbon during transformation I t = = = =
Carbon diffusion controlled growth It 9^ = 0 0 0
Co-operative growth of ferrite and cementite i t 9^ It 96 =
High dislocation density = = = = 0 I t i t
Incomplete reaction phenomenon = = I t i t 96
Necessarily has a glissile interface = = = — I t i t I t
Always has an orientation within the Bain 
region = =
= = = 9^ 96 I t
Grows across austenite boundaries 9^ 9t = = =
High interface mobility at low temperatures = = = = 9^ It
Displacive transformation mechanism = = = = = i t 9* I t
Reconstructive transformation mechanism 9^ 9^ i t = = =
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Although the checklist presented by Bhadeshia (1992) summarises the main 
characteristics of the bainite reaction in steels, the results do not provide a guide by 
which a microstructure can be termed bainitic. Section 9.3.6 presents a definition of 
bainite based on experimental data, by which it can be stated if a microstructure is 
bainite or not without subsequent confusion.
9.3.2 Momhologv
Both upper and lower bainite contain plates of ferrite, separated by untransformed 
austenite and cementite, which forms subsequently to the growth of bainitic ferrite. 
An explanation proposed by Bhadeshia (1992), as to why some austenite remains 
un transformed adjacent to bainitic ferrite, is that its carbon concentration increases as 
a consequence of transformation, to such an extent that the growth of bainite 
eventually becomes thermodynamically impossible. If the starting carbon 
concentration of the steel is large, then the formation of bainite ceases at an earlier 
stage of the reaction, and the volume fraction of the residual phases is then expected 
to be large.
Several variations in bainite morphology have been observed with variations in 
transformation temperature. These are summarised in Figure 9.6. Although the 
temperature variations are an important part of the bainitic transformation reaction, 
they are not incorporated into the microconstituents definition as they are not 
indicative of whether the microstructure is bainitic or not.
The morphology of bainite can be incorporated into the microconstituents definition 
as a predominance of ferrite plates with cementite at plate edges and, depending on 
the alloy composition, either retained austenite or martensite. In addition, ferrite 
plates typically have a much greater length than width i.e. a high aspect ratio. 
Morphology can also be incorporated into bainite’s definition so far as it reflects the 
fact that ferrite plates are the first phase to foim. In addition, the carbide forms later 
as a consequence of the plate formation.
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9.3.3 Dislocation Density
Bhadeshia (1992) noted that there is little doubt, and considerable circumstantial 
evidence that bainite has a high dislocation density. This relatively high dislocation 
density associated with bainitic ferrite has often been attributed to the fact that 
bainite’s formation was believed to be by a shear mechanism. This assumption is 
based on the fact that this necessitates the deformation of the parent lattice leading to 
the formation of dislocations, which are then incorporated into the product phases. 
Bhadeshia (1992) stated that this is incorrect as the dislocations that aie responsible 
for the transformation and for the lattice-invariant deformation are located and 
remain in the interface between the parent and product lattices.
Bhadeshia (1992) suggested that if the shape defoimation accompanying displasive 
transformation is accompanied, at least in pait, by plastic relaxation, then the 
resulting dislocation debris introduced into the austenite can in principle be inherited 
by any bainite that subsequently forms. When pre-polished samples of austenite are 
transformed to bainite, the adjacent austenite surface does not remain planar, but 
exhibits curvature, a characteristic of slip defoimation. Observations by hot stage 
TEM revealed that the growth of bainite is accompanied by the formation of 
dislocations in and around the bainite (Nemoto, 1974), Direct observations of the 
austenite / bainitic ferrite interface also provided evidence of plastic accommodation 
in both phases (Bhadeshia and Edmonds, 1979). Sandvik and Nevalainen (1981) 
demonstrated that austenite adjacent to bainitic ferrite undergoes twinning 
deformation and the density of twins increases with a decrease in the transformation 
temperature.
9.3.4 Crvstallogranhv
As with pearlite, the crystallography of bainite has been demonstrated as playing an 
important role on the microconstituent and is a direct consequence on the growth 
mechanism.
It has been noted that bainitic ferrite must possess a rational reproducible orientation 
relationship with the parent austenite grain into which it is growing based upon the
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ferrite:austenite semi-coherent interface. The bainitic-ferrite austenite orientation 
relationship is always seen to lie well within the Bain region; this and additional 
features of the bainite transformation being consistent with the phenomenological 
theory of martensite crystallography (Bhadeshia, 1992).
Ferrous carbide and ferrite in bainite have been suggested to exhibit several 
orientation relationships by Shackleton and Kelly (1965). The exact orientation 
relationship has been demonstrated to be dependent on the carbide type formed and 
specifically the various forms observed in upper and lower bainite. In addition, 
Shackleton and Kelly (1965) noted that for the orientation relationship between 
cementite and ferrite observed following the tempering of bainite, a habit plane of 
cementite is detected in lower bainitic ferrite. For upper bainite, carbides precipitate 
from austenite and therefore do not exhibit a consistent set of habit plane indices with 
respect to ferrite (Shackleton and Kelly, 1965) .
The crystallographic details of bainite can be interpreted in greater detail if all three 
phases are considered simultaneously. This was first attempted by Srinivasana and 
Wayman (1968' 0 although Bhadeshia (1980) later contradicted these results. It is 
therefore evident that further work is required in the field of the crystallography of 
bainite in steels although this work is inherently difficult due to the exceptionally 
small volume fractions of austenite and cementite in relation to ferrite in bainitic 
specimens.
For the purpose of the definition of bainite it can be concluded that bainitic ferrite 
possesses an orientation relationship with the parent austenite into which it is 
growing. The carbide can have an orientation relationship with the austenite 
depending on whether it is upper or lower bainite although the orientation 
relationship is secondary to the ferrite / austenite relationship.
9.3.5 Growth Mechanisms
As discussed in Chapter 3, there are two main schools of thought regarding the 
growth mechanism of bainite, which has led to years of controversy. In this Chapter
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it was noted that bainite forms by the initial foraiation of ferrite plates which results 
in compositional changes of the parent austenite phase adjacent to the ferrite plate. 
This subsequently leads to the nucléation of cementite particles at ferrite:austenite 
interfaces.
The definition of bainite should therefore contain a statement that the formation of 
bainitic femte will be ahead of cementite formation. However, it should be noted 
that timescales operative in transformations in steels may make any distinction 
impossible.
9.3.6 Definition of Bainite
A checklist of ‘facts’ for bainite is presented upon which its definition is based. Any 
microstmcture complying with all suggested points can be concluded to be baintitic. 
The checklist for the definition of bainite is as follows:
• Completely non-lamellar microstmcture
• Cementite particles at parent phase, low temperature solid solution phase 
boundaries.
• Rational, reproducible orientation relationship between low temperature solid 
solution phase plates and parent phase.
• Low temperature solid solution phase component seen to form ahead of compound 
phase based upon microstmctural and TTT data.
• High temperature parent phase still present at the onset of the compound phase 
reaction.
• Surface relief effect due to displacive growth mechanism.
9.4 Summarv
Two definitions have been proposed for pearlite and bainite in steels based upon 
experimentally confiimed morphological, crystallographic and growth features. For 
each microconstituent a checklist of points has been proposed. Any microconstituent 
fulfilling all points on the list may therefore be considered to be pearlite or bainite. 
The presented definition of bainite attempts to remove the controversy surrounding
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the microconstituent whereby a microstmcture is bainite by one definition and not by 
another. Similarly, such definitions remove the controversy as to whether pearlite 
and bainite are present following eutectoid decomposition in non-ferrous systems. If 
non-ferrous eutectoid microstmctures fulfil all the relevant criteria outlined in each 
definition it can be concluded that they are pearlite or bainite.
Both definitions have not incorporated specific growth mechanisms. Hence, the 
definition of the lamellar microconstituent is valid whether or not a ledge mechanism 
is operative. Similarly, the definition of the non-lamellar microconstituent is valid 
whether or not the reaction is a displacive or a diffusional transformation.
Chapter 10 examines the lamellar and non-lamellar microconstituents obtained 
following eutectoid decomposition of Ti-X alloys and compares the resulting 
microstmctures with the definitions presented. Chapter 10 therefore concludes 
whether pearlite and bainite are present following the eutectoid decomposition of Ti- 
X alloys.
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Figure 9.1 Idealised colony of pearlite.
Figure 9.2a Granular pearlite in Cu-Al eutectoid alloy. Some lamellar pearlite 
present, 45 minutes at 540 °C, 500X after Spencer and Mack (1953-54).
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Figure 9.2b Granular pearlite in a Cu-In eutectoid alloy. Some lamellar pearlite 
present, 8 minutes at 570 °C, 2000X after Spencer and Mack (1953-54).
Figure 9.2c Granular pearlite in a Fe-X eutectoid alloy. Some lamellar pearlite 
present, 2 hours at 570 °C, lOOOX after Spencer and Mack (1953-54).
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Figure 9.3 Composite micrograph showing the constructed three-dimensional 
microstmcture of the as-grown Cu-Al pearlite 
after Whiting and Tsakiropoulos (1997).
Figure 9.4 TEM micrograph of an array of holes in pearlite 
after Whiting and Tsakiropoulos (1997).
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Figure 9.5a Direction steps on ferrite:cementite interface in high manganese steel
after Hackney and Shiflet (1987b).
Figure 9.5b TEM micrograph of direction steps in a Cu-Al alloy 
after Whiting and Tsakiropoulos (1995).
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Figure 9.6 Variations in bainite morphology with respect to transformation 
temperature after Bhadeshia (1992).
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Chapter 10. Eutectoid Decomposition of Ti-X Alloys
10.1 Introduction
Chapters 6, 7 and 8 have shown that there are two distinctive microstmctures 
resulting from the eutectoid decomposition of P(Ti) in Ti-X alloys. For the purpose 
of this work these products have been separated into two categories and classified 
lamellar and non-lamellar. Their presence in the nine alloys examined is summarised 
in Table 10.1. Some workers have suggested that these two products are 
synonymous with pearlite and bainite in steels (e.g. Franti et al, 1978). Chapter 9 
discussed the pearlite and bainite transformations in steels and presented definitions 
for both microconstituents based on experimental evidence. Chapter 10 will discuss 
the eutectoid decomposition of Ti-X alloys and compare the observed 
microconstituents with the definitions for pearlite and bainite in steels.
Table 10.1 Microconstituents Present Following Eutectoid Decomposition in
Ti-X Alloys
Ti-Co Ti-Cr Ti-Mn
Hypoeutectoid Non-Lamellar Non-Lamellar Non-Lamellar
Eutectoid Lamellar Non-Lamellar Non-Lamellar
Hypereutectoid Lamellar Non-Lamellar Non-Lamellar
10.2 TTT Diagrams
10.2.1 Introduction
In order to understand eutectoid decomposition in Ti-X alloys the progression of 
phase formation during the decomposition of p(Ti) must be considered. This can be 
undertaken by the constmction of TTT diagrams.
10.2.2 Validitv of Data
The phases detected by X-ray diffraction following isothermal heat treatment of Ti- 
Co, Ti-Cr and Ti-Mn alloys were presented, in the form of TTT curves, in Figures 
6.1, 6.17, 6.27, 7.1, 7.11, 7.17, 8.1, 8.12 and 8.18. In order to assess the validity of 
this data it is necessary to draw comparisons with TTT diagrams presented by other 
workers. TTT diagrams for all three Ti-X systems, where available, were presented
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in section 4.7. These can be superimposed onto the TTT diagrams obtained in this 
work.
TTT diagrams for the Ti-Co system aie presented in Figure 10.1. Figure 10.1a is the 
diagram for the hypoeutectoid composition. Additional data is taken from Franti et 
al. (1978). Excellent agreement exists for all data relating to the a(Ti) 4- p(Ti) 
region, where all data points from this work lie inside the start curve determined by 
Franti and co-workers.
A slight discrepancy exists when considering the formation of the intermetallic phase 
and the consumption of P(Ti). X-ray diffraction data from this work showed the 
formation of the intermetallic phase ahead of the ot(Ti) + p(Ti) + intermetallic start 
curve determined by Franti et a l (1978), who also suggested that P(Ti) exists where 
it was no longer detected in this work.
An explanation for the discrepancy between the two sets of results is as follows. The 
phases present in this work were determined by X-ray diffraction, complemented by 
microscopy, whilst the results of Franti et a l (1978) were determined solely by 
optical microscopy. For the hypoeutectoid composition under consideration, the 
volume fraction of the intermetallic phase produced will be very small, not exceeding
0.09. In addition, the intennetallic phase is known to form small precipitates at the 
a(Ti):P(Ti) boundaries. Thus, it will be distributed throughout the specimen and will 
not occur in distinct areas that are easily detected by optical microscopy. Such a 
small volume fraction of the distributed intermetallic phase will be exceptionally 
difficult to detect by optical microscopy and when the phase has just started to form, 
virtually impossible. X-ray diffraction will detect the phase when the volume 
fraction exceeds approximately 0.05 irrespective of distribution. Hence, X-ray 
diffraction gives more accurate data than optical microscopy in this case and the 
results of this work can be considered to be more accurate than the work of Franti et 
a l  (1978).
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Two further issues help explain the small differences in TTT data, firstly the slight 
difference in alloy composition and secondly the effect of P(Ti) grain size. The alloy 
considered in this work had a composition of Ti-3.9 wt%Co whilst the alloy utilised 
by Franti et al. (1978) was Ti-3.8 wt%Co. Although only a small compositional 
difference, this will lead to a slight shift between start curves to longer reaction 
times. Specimens from this work were solution treated for 60 minutes prior to 
isothermal heat treatment, whilst the alloy Franti et al. (1978) was solution treated for 
only 20 minutes. The longer the solution treatment the larger the p(Ti) grains. This 
in turn will result in a slight displacement in the boundaries on a TTT diagram to 
longer reaction times.
The TTT diagram for the eutectoid Ti-Co system is shown in Figure 10.1b. 
Additional data is again from the work of Franti et al. (1978). Excellent agreement 
exists between both sets of data. The alloy examined by Franti and co-workersrcontained 9.7 wt%Co, whicl](0.2 wt% lower the alloy examined in this work. This 
variation in composition could explain any slight discrepancies which exist between 
the two sets of data, as could the differences in p(Ti) grain size discussed above.
No additional data is available for the hypereutectoid composition Ti-Co alloy. The 
TTT diagram presented in Figure 10.1c therefore contains only data obtained in this 
work.
Figure 10.2 presents TTT diagrams for the Ti-Cr alloy system. Figure 10.2a shows 
data for the hypoeutectoid alloy examined in this work in addition to data from 
Aaronson et al. (1957). Disagreement exists between the two sets of data. The start 
curves, as determined by Aaronson et al. (1957), are at longer reaction times than 
those determined in this study. Considering the compositions of both sets of data, the 
alloy examined by Aaronson et al. (1957) contained 7.8 wt%Cr which is higher than 
the 7.1 wt%Cr in the alloy studied in this work. An increase alloying content is 
known to shift reaction curves to longer times explaining the discrepancy between 
the two sets of data. This effect is also visible in the eutectoid composition (Figure 
10.2b), where the composition used in this work was 14 wt%Cr, whilst the data taken
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from Franti et al. (1978) was for an alloy of a composition 15 wt%Cr. For both the 
hypoeutectoid and eutectoid Ti-Cr alloys TTT diagrams were not available for the 
exact compositions examined in this work. The diagrams utilised were therefore the 
closest available compositions to the alloys in this work.
A further consideration, which accounts for differences in TTT data arises from the 
size of P(Ti) grains resulting from solution treatment. In this work were specimens 
solution treated for 60 minutes prior to isothermal heat treatment, the hypoeutectoid 
alloy studied by Aaronson et al (1957) was solution treated for 40 minutes, whilst the 
alloy studied by Franti et al. (1978) was solution treated only for 20 minutes. The 
longer the solution treatment the larger the grains of P(Ti). This in turn will result in 
a displacement in start curves on a TTT diagram to longer reaction times. The 
separation of data from this work and from the literature for both hypoeutectoid and 
eutectoid Ti-Cr alloys may be caused by the initial grain size of P(Ti).
As in Ti-Co the largest discrepancy when considering the eutectoid composition Ti- 
Cr alloy is due to the fact that Franti et al (1978) utilised optical microscopy and not 
a combination of X-ray diffraction and optical microscopy. This accounts for the 
reaction curves presented by Franti and co-workers being at longer reaction times 
than detected in this work.
There is no corresponding data available for the hypereutectoid composition Ti-Cr 
alloy and the results presented in Figure 10.2c are taken from this work only.
When considering the Ti-Mn system, work has only been completed by other 
workers on the hypoeutectoid alloy. Data from Franti et al. (1978) is shown in 
Figure 10.3a where it has been incoiporated with results obtained during this work. 
Excellent agreement exists between the two sets of data. Some uncertainty exists 
concerning the positions of the boundaries on the TTT diagram constmcted by Franti 
and co-workers. The lack of data points available to confirm the position of the 
boundaries in addition to the method of diagram determination, as previously 
discussed, give rise to questions regarding the accuracy of the TTT diagram.
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There are no TTT diagrams available for either eutectoid or hypereutectoid Ti-Mn 
alloys. The presented TTT diagrams therefore only contain data from this work 
(Figures 10.3b and 10.3c). This lack of data is attributed to the sluggish nature of the 
eutectoid reaction in these alloys. Specimens heat treated for 56 days were still 
undergoing eutectoid decomposition. Hence, to produce accurate TTT diagrams for 
Ti-Mn alloys would involve a large number of specimens heat treated for extensive 
periods of time.
In summary, the TTT diagrams determined in this work generally are in good 
agreement with those determined previously. Discrepancies with the work of Franti 
etal. (1978) arise due to compositional differences, the size of P(Ti) grains and, most 
importantly, Franti et aVs use of only optical microscopy.
10.2.3 Order of Phase Formation
X-ray diffraction analysis of a number of isothermally treated specimens allowed the 
determination of the order of phase formation resulting from the decomposition of 
P(Ti).
In all hypoeutectoid alloys, proeutectoid a(Ti) was the first phase to precipitate. In 
addition, a(Ti) was also the first phase to precipitate in all eutectoid specimens. 
This, at first surprising result, must be considered with respect to the growth 
mechanism of the decomposition products.
The growth kinetics of ot(Ti) were clearly favourable resulting in its formation ahead 
of the intermetallic phase at the eutectoid composition. This occuned irrespective of 
whether the resulting eutectoid structure was lamellar or non-lamellar. This has been 
demonstrated by both X-ray diffraction and microscopy (electron and reflected light). 
In all cases, a(Ti) plates were observed at shorter reaction times when both the 
lamellar microconstituent or the intermetallic phase in non-lamellar specimens were 
not detected. Similarly, the formation of the proeutectoid intermetallic phase in both 
Ti-Co and Ti-Cr can result in either a lamellar (Ti-Co) or non-lamellar (Ti-Cr) 
eutectoid microstructure.
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As discussed in Chapter 3, the theory of bainite formation in steels, as proposed by 
Bhadeshia (1992), suggests that bainite forais by the initial formation of ferrite plates 
followed, at a later stage, by nucléation of the carbide phase. This has been opposed 
by Aaronson (1962) who suggested that bainite forms by a ledge mechanism. The 
TTT data presented in this work for Ti-X alloys is in keeping with the work of 
Bhadeshia (1992). This is discussed further in Section 10.4.
10.3 Lamellar Microstmctures
10.3.1 Introduction
Eutectoid decomposition of the high temperature phase P(Ti) has been reported to 
result in a lamellar- microstmcture in several Ti-X systems, as summarised in Table 
10.2 .
Table 10.2 Summary of Lamellar Microstmctures in Ti-X Alloys
Alloy Composition Author
Ti-Co Eutectoid Franti et a l (1978)
Ti-Cr Eutectoid Franti e ta l  (1978)
Ti-Cu Eutectoid Franti et a l (1978)
Ti-Fe Eutectoid Franti et a l (1978)
Ti-Cu Hypoeutectoid Franti et a l (1978)
Lee and Aaronson (1988a)
Ti-Ni Hypoeutectoid Lee and Aaronson (1988a)
In this work a lamellar microstmcture was observed in the eutectoid Ti-Co and 
previously unexamined hypereutectoid Ti-Co alloy. The lamellar microstmcture 
reported by Franti et a l (1978) in the Ti-Cr alloy was not detected in this work and 
the results for this alloy are discussed in Section 10.4.
Early work defined pearlite in steels as alternating lamellae of the two eutectoid 
decomposition phases. For Ti-Co alloys the eutectoid decomposition phases are 
a(Ti) and the intermetallic phase TiiCo. As discussed in section 9.2, this very 
simplistic view is far from complete and there are a number of factors which must be 
considered before a microstmcture can be termed peariitic. Such factors include 
morphology, crystallography, and interlamellar and growth interface structure.
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Sections 10.3.2 - 10.3.5 examine the lamellar microstmcture observed in Ti-Co 
alloys in detail and compare the Ti-Co lamellar microconstituent with the definition 
of pearlite in steels as presented in section 9.2.6.
10.3.2 Momhologv
The ‘conventional’ view of pearlite’s morphology of neat, parallel lamellae of the 
eutectoid decomposition phases was shown in Chapter 2, Figure 2.1. As discussed in 
Chapter 9, pearlite can in fact exhibit a variety of morphologies in 2D sections. 
Whiting (1994) suggested that morphologies, including lamellar, ‘rounded irregular’ 
and ‘angular irregular’, can exist due to sectioning of peariitic colonies, as shown in 
Figure 9.3.
The lamellar microstructure observed in Ti-Co alloys can be divided into two distinct 
categories. Firstly, a parallel lamellar morphology (Figure 6.7d) and secondly, an 
almost spheimdal morphology with a small number of lamellar colonies scattered 
throughout (Figure 6.16c).
Firstly, let us consider the parallel lamellar moiphology observed in hypereutectoid 
specimens and eutectoid specimens heat treated at low undercooling. Examination 
by optical, scanning electron, and transmission electron microscopy demonstrate the 
similarity of the microstmcture to both pearlite in steels as well as other non-ferrous 
systems e.g. Cu-Al. In addition to neat parallel lamellae, both rounded irregular and 
angular irregular morphologies, similar to those shown by Whiting (1994), were 
observed. Both the rounded irregular and angular irregular morphologies appeared to 
result from the sectioning of a three dimensional peariitic structure. Figure 10.4 
shows a micrograph of pearlite in steels, whilst the Ti-Co lamellar microconstituent 
can be seen in Figure 6.7d. The similarities in morphology between the two 
microconstituents are immediately evident.
At high undercooling (45-85 °C), the lamellar microconstituent of the eutectoid Ti- 
Co alloy was increasingly replaced by a ‘spheroidal’ mixture of a(Ti) and TizCo 
containing a small number of lamellar colonies (Figure 6.léc), the ratio of spheroidal
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microconstituent to lamellar colonies increasing with undercooling. On first 
inspection it appeared as though the spheroidal microconstituent was non-lamellar 
although crystallographic information suggested that the microconstituent was 
actually synonymous with the lamellar microstmcture. This was shown to be the 
case as the orientation relationship detected between a(Ti) and TioCo in the lamellar 
microconstituent was also detected in the spheroidal microstmcture suggesting that 
the microconstituent is therefore synonymous with pearlite. The non-lamellar 
peariitic morphology may aiise from to temperature changes due to the release of 
latent heat (recalescence) as discussed by Ridley (1984b), or may be due to 
diffusional effects during growth (i.e. degenerate pearlite).
When a eutectoid decomposition product grows, the proportions of the two eutectoid 
decomposition phases differ depending on the alloy composition. In hypereutectoid 
alloys the volume fraction of the intermetallic phase will be higher than at the 
eutectoid decomposition. The differences in morphology between the eutectoid and 
hypereutectoid morphologies at high undercooling may result from the fact that the 
increased quantity of the intermetallic phase remains continuous in the 
hypereutectoid alloy, preventing the spheroidised morphology from forming.
A common feature of ferrous pearlite are holes present in one or both of the product 
phases. Such holes are the result of the branching mechanism operative during 
pearlite’s sidewise growth (Hillert, 1962). Holes have also been observed in this 
work in both product phases in the lamellar Ti-Co microconstituent (Figure 6.13). 
This indicates that a branching mechanism was also operative for sidewise growth in 
this microconstituent. This is consistent with the Ti-Co lamellar microconstituent 
being synonymous with pearlite in steels.
10.3.3 Growth and Interlamellar Interface
As discussed in Chapters 2 and 9, in recent years a new school of thought has 
emerged suggesting pearlite grows by a co-operative ledge mechanism. Hackney and 
Shiflet (1987a) observed ledges on the pearlite:austenite growth interface and
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suggested that, as the ledges were mobile during m situ hot stage TEM, they were 
growth ledges and were responsible for growth.
Despite the fact that a large number of TEM samples of both eutectoid and 
hypereutectoid Ti-Co alloys were examined during the course of this work, the 
lamellar microconstituent growth interface was not observed. This suggests that the 
lamellar microconstituent undergoes preferential etching during the electropolishing 
process. Preferential etching was observed with all electropolishing solutions used 
during this work, as described in Chapter 5. Hence, it has not been possible to 
compare the growth interface of pearlite in steels and the lamellar microconstituent in 
Ti-Co alloys.
The work of Hackney and Shiflet (1987b) has suggested that defects known as 
direction steps exist on interlamellai- boundaries in pearlite as a consequence of the 
ledge growth mechanism. Other workers have also observed these defects but 
disagree as to whether they are direction steps (e.g. Khalid and Edmonds, 1993). As 
discussed in Chapter 9, it seems likely that the defects are direction steps resulting 
from the ledge growth mechanism. As the same defects or direction steps have been 
observed in the Ti-Co lamellar microconstituent in this work (see Figure 6.14), it 
appears as though the microconstituent’s growth mechanism is the same as that for 
ferrous pearlite. This result is again in-keeping with the Ti-Co lamellar 
microconstituent being synonymous with pearlite in steels.
10.3.4 Crystallography
As discussed in Chapter 2, there is generally a rational reproducible orientation 
relationship between both peariitic phases. An orientation relationship was found 
between both lamellar eutectoid phases of the Ti-Co lamellar microconstituent in this 
work. The same orientation relationship was detected in both the eutectoid and 
hypereutectoid specimens. As discussed in section 10.3.2, the same orientation 
relationship was observed between the eutectoid decomposition phases in the 
spheroidal microconstituent observed in the eutectoid Ti-Co alloy. The orientation 
relationship in conjunction with a habit plane between the two eutectoid phases
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demonstrates that the microconstituent is synonymous with pearlite in steels. In 
addition, as the same orientation relationship was detected in the spheroidal 
microconstituent this demonstrates that this is also synonymous with pearlite. 
Without crystallographic information, it might have been assumed that the spheroidal 
microconstituent was non-lamellar and therefore synonymous with bainite.
A further crystallographic feature of pearlite, discussed in Chapter 2, is the presence 
of a habit plane. Hackney and Shiflet (1987b) suggested that the direction steps 
present on pearlite’s interlamellar phase boundary maintain pearlite’s habit plane. In 
addition to the direction steps identified on the a(Ti):TizCo interlamellar phase 
boundary in both eutectoid and hypereutectoid Ti-Co alloy, a habit plane, as 
characterised by the latter section of the orientation relationship, was determined.
[OOOlJoc I 1 [1I4]t,iCo 
( 2I10)a I  I  (511) r,.c.
The detection of a habit plane in conjunction with the presence of direction steps 
supports the conclusion that the lamellar microconstituent in Ti-Co alloys is 
synonymous with pearlite in steels. This also lends support to the ledge mechanism 
proposed by Hackney and Shiflet (1987b).
10.3.5 Summarv
As discussed in Section 10.3, the lamellar microconstituent present following the 
eutectoid decomposition of eutectoid and hypereutectoid Ti-Co alloys demonstrates a 
number of characteristics which are synonymous with pearlite in steels. The 
characteristics of pearlite, outlined in Chapter 9 as being relevant to the definition of 
pearlite, were observed in the lamellar microconstituent in Ti-Co alloys as 
summarised in Table 10.3. However, it was not possible to examine the growth 
interface due to preferential etching during TEM sample preparation.
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It can therefore be concluded that the lamellar microconstituent present in Ti-Co 
alloys is synonymous with pearlite in steels. The Ti-Co lamellar microconstituent 
can therefore be termed pearlite.
Table 10.3 Summarv of Pearlite versus Ti-Co Lamellar Microconstituent
Checklist Pearlite Ti-Co
Morphology lamellar, rounded irregular or angular 
irregular y y
Holes due to branching y
Orientation relationship between two eutectoid phases y y
No reproducible rational orientation relationship y unable to
between either eutectoid phase and high temperature examine growth
phase into which they are growing interface
Direction steps y y
Habit plane y y
Growth ledges on interface y unable to 
examine growth 
interface
10.4 Non-Lamellar Microconstituent
10.4.1 Introduction
Eutectoid decomposition of the high temperature p(Ti) phase has been reported to 
result in a non-lamellar microstmcture in several Ti-X systems by a number of 
workers as summarised in Table 10.4.
The lamellar microstmcture reported by Franti et a l (1978) in the Ti-Cr alloy was not 
observed in this work; instead a non-lamellar microstmcture was observed. The 
results for this alloy are therefore discussed in this section.
As discussed in Section 9.3, the definition of bainite has led to much controversy. It 
is therefore necessary to consider several factors in the comparison of bainite in steels 
to the non-lamellar eutectoid decomposition product obtained in Ti-X alloys. Such 
factors include morphology, crystallography and growth mechanism. The non- 
lamellar microstmcture observed in Ti-Co, Ti-Cr and Ti-Mn alloys is examined and 
compared with the definition of bainite presented in Section 9.3.
210
Chapter 10. E utectoid Decom position o f  Ti-X A lloys
Table 10.4 Summary of Non -Lamellar Microstmctures in Ti-X Alloys
Alloy Composition Author
Ti-Bi Hypoeutectoid Franti e ta l  (1978)
Ti-Co Hypoeutectoid Franti e ta l  (1978)
Lee and Aaronson (1988a)
Ti-Cu Hypoeutectoid Franti e ta l  (1978)
Ti-Cr Hypoeutectoid Lee and Aaronson (1988a)
Ti-Fe Hypoeutectoid Franti e ta l  (1978)
Lee and Aaronson (1988a)
Ti-Mn Hypoeutectoid Franti e ta l  (1978)
Ti-Ni Hypoeutectoid Franti e ta l  (1978)
Ti-Ni Eutectoid Franti e ta l  (1978)
Ti-Pb Hypoeutectoid Franti e ta l  (1978)
Ti-Pd Hypoeutectoid Franti e ta l  (1978)
Ti-Pd Eutectoid Franti e ta l  (1978)
Ti-Pt Eutectoid Franti et a l (1978)
10.4.2 Morphology
As discussed in Chapter 9, the morphology of ferrous bainite has been shown to be 
completely non-lamellar. The microstmcture contains predominantly large plates of 
ferrite formed from the parent austenite with cementite particles either within the 
femte plates or between the ferrite plates.
When comparing the non-lamellar microconstituent observed in Ti-X (X=Co,Cr,Mn) 
alloys with that of bainite in steels, it can be seen that the morphologies are almost 
identical. Large a(Ti) plates are formed in the parent phase p(Ti) with the 
inteiTnetallic phase forming at a(Ti):p(Ti) boundaries. This is clearly in-keeping 
with the presented definition of bainite although the microstmcture must be 
considered in more detail to determine if there are other similarities.
Ferrite plates have high aspect ratios, with low angle boundaries present along their 
length. In Ti-X systems, a(Ti) plates are similarly long and contain low angle 
boundaries. The presence of low angle boundaries indicates that the plates form by 
sympathetic nucléation (Lee and Aaronson, 19^a).
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Thus, on simple morphological grounds there appeais to be a correspondence 
between bainite in steels and the non-lamellar decomposition product formed in Ti-X 
(X=Co,Cr,Mn) alloys.
10.4.3 Growth Mechanism
In Chapter 3, it was proposed that the growth mechanism of bainite is that suggested 
by Bhadeshia (1992) whereby plates of ferrite form resulting in compositional 
changes in the neighbouring paient austenite. This subsequently leads to the 
formation of cementite at ferrite:austenite boundaiies. This is similar to the very 
early views of pearlite sidewise growth, as discussed in Chapter 2.
In all non-lamellar Ti-X (X=Co,Cr,Mn) specimens examined in this work, plates of 
a(Ti) were seen to form well ahead of the intermetallic phase. This was confirmed 
by both microstructural observation and X-ray diffraction analysis. If the 
intermetallic phase were to form due to compositional changes in the parent phase, 
the parent phase would still be present as the intermetallic phase formed. This was 
the case in all Ti-X alloys, as shown by a combination of microstructural and X-ray 
diffraction analyses. Both of these observations are in-keeping with the non-lamellar 
Ti-X microconstituent being synonymous with bainite in steels.
As discussed above, the ferrite component of bainite is seen to form ahead of 
cementite, based upon both microstmctural and TTT data. One of the key 
characteristics of pearlite formation is that the two product phases form co­
operatively. As shown in Chapters 3 and 9 this is clearly not the case in bainite 
which forms in two distinct stages. It has been demonstrated that ferritic plates form 
well ahead of the eventual precipitation of carbides (e.g. Bhadeshia and Edmonds, 
1979). This has also been shown to be the case in the Ti-X (X=Co,Cr,Mn) alloys 
examined in this thesis, where plates of a(Ti) have been shown to form ahead of the 
intermetallic phase.
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From the above 'results, it can be seen that the non-lamellar microconstituent 
observed following eutectoid decomposition in Ti-X (X=Co,Cr,Mn) alloys appears to 
be synonymous with bainite in steels.
10.4.4 CrvstallographV
As discussed in Chapters 3 and 9, independent rational, reproducible orientation 
relationships have been observed between bainitic ferrite plates, bainitic cementite 
and parent austenite.
Following TEM examination of the non-lamellai' microconstituent in all three Ti-X 
alloys, similar reproducible, rational orientation relationships were detected between 
oc(Ti) plates and the parent p(Ti) grains into which they were growing, as 
summarised in Table 10.5. This is again in-keeping with the microconstituent being 
synonymous with bainite in steels.
Table 10.5 Summary of Orientation Relationships Detected Between a(Ti) and P(Ti)
Alloy Orientation Relationship
Ti-Co (OOOl)a l l  ( 0  1 l ) p  
[1 2  1 0 ] „ | |  [ 1 1  T i p
Ti-Cr ( 0  0  0  D a  11(0  1 D p  
[1 1 2 0 ] a  ll[l 1 T ] p
Ti-Mn ( 0  0  0  DoL 11(0  1 D p  
[1 1 2  0 ] „  | | [ 1  1 T ] p
Due to the exceptionally small volumes fractions, it was not possible to obtain 
crystallographic data of the intermetallic phase in conjunction with either the parent 
phase or a(Ti) plates. Any diffraction patterns which were obtained of the 
intermetallic phase were ‘swamped’ by the diffraction patterns of either a(Ti) or 
P(Ti). In addition, it was exceptionally difficult to ‘tilt’ specimens whilst keeping the 
beam located on the intermetallic phase.
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The presence of reproducible, rational orientation relationships between the parent 
P(Ti) phase and a(Ti) plates is further evidence for the connection between bainite 
and Ti-X non-lamellar eutectoid.
10.4.5 Summarv
The similarity in morphology of the Ti-X non-lamellar microconstituent and bainite 
in steels is immediately evident i.e. two eutectoid decomposition products arranged 
in a completely non-lamellar arrangement. However, TTT data and the observation 
that a(Ti) plates are always a precursor to development of the two phase 
microconstituent suggest that this non-lamellar microconstituent shares further 
commonality with the understanding of bainite as proposed by Bhadeshia (1992). 
Further similarities between crystallographic data also lend weight to the argument 
that the non-lamellar eutectoid microstructure present eutectoid
decomposition in Ti-X alloys is synonymous with bainite in steels.
As discussed in Chapter 3, the model proposed by Bhadeshia (1992) suggests that 
supersaturated ferrite plates form from the parent austenite and subsequent diffusion 
of carbon gives rise to the precipitation of the carbide phase. Although a similar 
phase progression occurs in Ti-X alloys, the mechanism of growth remains 
complicated due to the fact that the carbon reaction in steels is interstitial whilst in 
Ti-X the reaction is substitutional. The proposal of Bhadeshia (1992) is at odds with 
the model of Lee et a l (1988), which argues that ledge height and spacing determine 
the ‘selection’ of either pearlite or bainite. This is discussed further in Section 10.7.
All of the characteristics of bainite, outlined in Chapter 9 as being relevant to the 
definition of bainite, were observed in the non-lamellar microconstituent in Ti-X 
(X=Co,Cr,Mn) alloys as summarised in Table 10.6. It can therefore be concluded 
that the non-lamellar microconstituent present in Ti-X alloys is synonymous with 
bainite in steels. The non-lamellar Ti-X (X=Co,Cr,Mn) microconstituent can 
therefore be termed bainite.
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Table 10.6 Summary of Bainite in Steels Characteristics and 
Observations on Ti-X Alloys
Checklist Bainite Ti-X
Completely non-lamellar y y
Cementite particles at 
austenite:ferrite interface
y y
Rational reproducible orientation 
relationship between ferrite plates 
and parent phase
y y
Ferrite component forms ahead of 
cementite based upon microstmctural 
and TTT data
y y
High temperature phase still present 
at onset of cementite reaction
y
Surface relief effect due to 
displacive growth mechanism
y Not examined in this study
10.5 ‘Black* Plates
As discussed in Chapter 4, Menon and Aaronson (1986) suggested that two different 
morphologies of a(Ti) plate can exist following eutectoid decomposition in Ti-X 
alloys. The first morphology described as normal referred to rather ill-formed plates 
that were present at higher reaction temperatures. Slender almost perfectly formed 
plates increasingly replaced the normal plates at lower temperatures. These plates 
were termed ‘black* plates due to their appearance following etching. Menon and 
Aaronson (1986) suggested that the difference in plate formation was due to a double 
inflection in the Gibbs Free Energy curve (see Chapter 4).
Results from this work have shown the presence of both normal (Ti-Co, Ti-Cr) and 
black (Ti-Mn) plates. In Ti-Mn the short black plates were seen to grow into longer 
plates following heat treatment for 56 days resulting in the non-lamellar 
microstructure. Although on first inspection these plates often appear synonymous
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with the normal plates, closer examination reveals markedly less low angle 
boundaries along the length of the black plates than the normal plates. This suggests 
that, unlike the normal plates, black plates do not lengthen by sympathetic nucléation 
(Lee and Aaronson, 1988a).
This work therefore demonstrates that although two different proeutectoid a(Ti) 
morphologies exist, both types can in fact lead to the formation of the non-lamellar 
microconstituent. These results could be furthered by heat treating Ti-Mn alloys at 
increased temperatures to determine if black plates are replaced by normal plates. 
Due to the excessive times required for Ti-Mn heat treatment in addition to the fact 
that the formation of black or normal plates does not directly aid the explanation of 
eutectoid decomposition in Ti-X alloys, these trials were not conducted as part of this 
work.
10.6 The Omega Phase
As discussed in Chapter 4, since the co phase was discovered in 1954, its detrimental 
effect on mechanical properties has resulted in continued study. The phase has been 
found in numerous alloys of group IV transition elements Ti, Zr and Hf with other d- 
electron rich transition elements. It has since been reported that CD can foim when Ti 
is alloyed with any element to the right of it in the periodic table in which the high 
temperature phase p(Ti) can be retained in a metastable state. This suggests that the 
CO phase may be expected to form in all three alloy systems examined during this 
work.
Differences in crystallographic structure and lattice parameter will clearly be evident 
in the SADPs of P(Ti) containing Cû. As already shown, diffuse scattering was 
present in p(Ti) in all three alloy systems. This streaking and any additional 
diffraction spots must be characterised and compared with reported results for the 
various forms of m to determine if it is present.
Although the formation of œ has no effect on the eutectoid decomposition 
microstructure, it was of use in this work for rapid identification of retained p(Ti). In
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this respect, in ail alloys containing P(Ti) CO, as characterised by the streaking of spots 
and diffuse scattering in the p(Ti) SADP, was observed.
10.7 The Formation and Growth of Pearlite and Bainite
10.7.1 Introduction
When considering the formation of peaiiite and bainite in steels, pearlite is normally 
the only eutectoid microstructure at low undercooling below the eutectoid 
temperature, whilst bainite is the only eutectoid microstmcture at large undercooling. 
Both pearlite and bainite aie present over the intermediate region in steels (e.g. see 
Modin, 1958). This is clearly different from the results obtained for Ti-X alloys, as 
described in Chapters 6, 7 and 8, where either a lamellar or non lamellar 
microstmcture was detected independently of the undercooling range examined. This 
is summarised schematically in Figures 10.5a and 10.5b.
As discussed in Chapters 2, 3 and 9, the interphase boundary stmcture of 
allotriomorphs has been traditionally regarded as incoherent whereas that of 
sideplates and intragranular plates is considered to be semi-coherent (Aaronson et ah, 
\91%\ Aaronson, 1974). It has been suggested more recently that the interface of 
allotriomorphs may be semi-coherent, as facets have been detected on their interface 
with the parent phase (e.g. Enomoto, 1987). This is very similar to the growth 
interface of pearlite, as described by Hackney and Shiflet (1987a), where facets were 
detected although no reproducible rational orientation existed with the parent phase. 
This thesis considers the interface of allotriomorphs to be ‘classically incoherent’ as 
no rational, reproducible orientation relationship existed with the parent phase. 
Conversely, the interface of plates is considered to be semi-coherent as rational, 
reproducible orientation relationships existed with the parent phase.
Hillert (1962) viewed pearlite as the product of co-operative growth by the two low 
temperature phases in a eutectoid system. Hillert (1962) noted that such growth can 
evolve only at, what he termed, incoherent boundaries of crystals of the proeutectoid
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phase/ The different eutectoid microstructures, present as a function of undercooling 
in steels, have been suggested to occur as grain boundary allotriomorphs of 
proeutectoid ferrite are dominant at both low and intermediate undercooling whilst 
Widmanstatten ferrite forms at higher undercooling below the eutectoid (Dube et a l, 
1958; Aaronson, 1962).
If the assumptions of Hillert (1962) regarding pearlite formation are correct and 
pearlite and bainite in steels are synonymous with the lamellai* and non-lamellar 
eutectoid decomposition products in Ti-X alloys, the Ti-X lamellar product might be 
expected to form from allotriomorphs of either a(Ti) or the intermetallic phase, 
whilst the Ti-X non-lamellar product would form from side or intragranular plates of 
a(Ti). The results of this work have demonstrated that the lamellar and non-lamellar 
microconstituents are synonymous with bainite and pearlite in steels although the 
lamellar product has been seen to form from both plates of oc(Ti) and allotriomorphs 
of Ti2Co. The inteipretation of Hillert (1962) must therefore be re-examined to 
establish how the author concluded that the interfaces of allotriomorphs are 
incoherent and those of plates are semi-coherent as well as why it was suggested that 
pearlite may only form from an incoherent interface.
10.7.2 The Effect of Proeutectoid Phases
Hillert (1962) explored the relationship between pearlite and bainite. He began by 
describing the then accepted theory of pearlite formation as detailed by Hull and 
Mehl (1942) and summarised the work as shown in Table 10.7.
' Even if both interfaces are semi-coherent in simple terms, they are the same in detail. This points to 
a deficiency in textbook interface structure terminology.
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Table 10.7 Proposed Characteristics of Pearlite and Bainite. 
After Hull and Mehl (1942).
Bainite Pearlite
Active Nucleus ferrite cementite
First Characteristic Unit Widmastatten plate of 
ferrite
platelet of cementite
Orientation relationship of: 
primary importance 
Secondary importance
ferrite / austenite cementite / austenite 
ferrite / cementite
Effect of twin boundary stop none
Effect of grain boundary stop stop
The first point considered was the so-called active nucleus. Hull and Mehl (1942) 
suggested that cementite is the active nucleus, based primarily on the evidence that 
ferrite is the active nucleus for bainite and the opposite must therefore be true of 
pearlite. However, as discussed in Chapter 2, it appears that either ferrite or 
cementite can act as pearlite’s active nucleus. Hillert (1962) made this point arguing 
that the theory of Smith (1953) can explain earlier X-ray results, which suggested 
that this was not the case.
Smith (1953) suggested that a crystal of proeutectoid ferrite, formed at the grain 
boundary between two grains of austenite, would have a definite orientation 
relationship to one of the grains, resulting in a semi-coherent interface. Ordinarily 
the lattice orientation of the ferrite crystal cannot at the same time be related to the 
other grain of austenite and an incoherent interface forms on this side. At low 
undercooling, the growth will be predominantly by movement of the incoherent 
interface. The grain of ferrite therefore grows into a grain of austenite with which it 
has no reproducible rational orientation relationship. At higher undercooling the 
coherent interface may be able to move and hence the crystal of ferrite can then grow 
into the grain of austenite to which is related. This growth results in Widmanstatten 
plates.
Smith (1953) proposed that the ferrite component of a pearlite colony, formed at a 
grain boundary, should also be related to one of the grains of austenite, whether 
nucleated before or subsequent to the cementite component. He suggested that
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pearlite would only be able to grow by the advance of the incoherent ferriteraustenite 
interface into the grain with which ferrite has no reproducible rational orientation 
relationship.
Hillert (1962) conducted experiments to determine if Smith’s hypothesis was correct. 
Figure 10.6 summarises the main morphologies of ferrite reported in Hillert’s work. 
Straight lines represent semi-coherent interfaces whilst curved lines represent 
incoherent interfaces. Hillert (1962) suggested that allotriomorphs with ‘straight 
lines’ interfaces with both grains were detected more often than would be expected if 
they were dependent on an exact rational orientation relationship between two 
neighbouring grains of austenite. He argued that semi-coherent interfaces may 
develop between ferrite and austenite, even when their orientation relationship 
deviates appreciably from the ideal condition.
Hillert (1962) suggested that cooling experiments resulted in pearlite forming from 
the ‘curved interfaces’ of ferrite whilst bainite was seen to form from ‘straight 
interfaces’. Hillert argued that this supports the hypothesis of Smith (1953) with 
respect to both orientation relationships and the nature of the interface between 
pearlitic ferrite and austenite.
The work of both Smith (1953) and Hillert (1962) was based on simple views of the 
nature of interphase interfaces. Since this early work transmission electron 
microscopy has revealed that many interfaces defy the over-simplistic categorisation 
of interfaces into three groups (coherent, semi-coherent and incoherent). For example 
the growth interfaces of both grain boundary allotriomorphs and pearlite have been 
thought to be incoherent. However, recent work has demonstrated that these 
interfaces exhibit facets, complex arrays of misfit compensating defects and growth 
ledges. This had been demonstrated by Shiflet and co-workers for pearlite (see 
Section 2.7.2) and by Furuhara and Aaronson (1991) for Ti-Cr allotriomorphs. Work 
is still ongoing on the nature of detailed structure of classically semi-coherent 
interfaces, see for example the recent work of Pond et al. (2000). In this way the 
classically incoherent interfaces discussed by Hillert (1962) are best viewed, for the
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purpose of this study, as complex semi-coherent interfaces and those termed semi- 
coherent, simple semi-coherent interfaces.
On the basis of this new understanding of interfaces care must be taken in 
recognising the validity of Hillert’s observations, whilst noting the change in 
understanding of interface structure. In this sense Hillert’s hypothesis can be simply 
reworked, i.e. the similarity between the growth interfaces of (i) pearlite and 
allotriomorphs and (ii) proeutectoid plates and bainite hold true.
However, recent work raises two cautionary points when critical experiments are 
considered:
1) It is experimentally very difficult to reliably observe from where a decomposition 
product nucleated. This is illustrated by the recent finding of Mangan and Shiflet 
(1999) who demonstrated by meticulous sectioning experiments that pearlite with 
the Pitsch/Petch orientation relationship is nucleated on cementite and not on 
clean j  boundaries as originally suggested (see for example Dippenaar and 
Honeycombe, 1973).
2) The success of efforts to alter the morphology, and hence interface structure of 
precipitates, by thermo-mechanical treatment can not be judged on the basis of 
morphology alone. TEM examination is necessary to examine the interface 
structure. This point is considered in detail in Section 10.7.3.
The importance of these ideas lies with the argument that the formation of pearlite 
and bainite is determined by the presence of a proeutectoid precursor. This view is a 
direct development of Hillert’s (1962) findings and was originally examined by 
critical experiments by Diebold et al. (1978). These experiments together with the 
results of this study are discussed in the next section. At this stage it is worth noting 
that some of the results of this study do not support the idea that there is a simple link 
between eutectoid decomposition product and the nature (and interface structure) of 
the proeutectoid precursor. In particular it can be noted that pearlite was the eutectoid 
decomposition product in both eutectoid (see Figure 6.4) and hypereutectoid (see
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Figure 6.30c) Ti-Co alloys. This is in spite of the case that in the former large 
numbers of plates and in the latter TiiCo allotriomorphs are formed prior to eutectoid 
decomposition. For this, and other reasons, it will be argued below that the presence 
of either plates or allotriomorphs alone is not responsible for the nature of the 
eutectoid decomposition product.
This brings us to consideration of some critical experiments in the literature which 
aimed to explore the role of proeutectoid phase morphology in determining whether 
pearlite or bainite might form.
10.7.3 Thermomechanical Treatments
Several workers have suggested a test for the theory of Hillert (1962) by 
manipulating the proeutectoid phases, by a combination of mechanical working and 
heat treatment. In this manner plates can be recrystallised into ‘allotriomorphs’. 
Hence, if the theory of Hillert (1962) is correct, upon mechanical treatment a 
hypoeutectoid Ti-X alloy which normally contains bainite will instead form peaiiite.
Diebold et al. (1978) examined the same hypoeutectoid Ti - 6 wt%Ni alloy as Franti 
et al. (1978) in which isothermal heat treatment resulted in a non-lamellar or 
‘bainitic’ micro structure. Diebold et al. (1978) recrystallised the alloy by mechanical 
working and heat treating above the eutectoid temperature to promote proeutectoid 
formation prior to isothermal heat treatment below the eutectoid temperature.
Following mechanical working and heat treatment above the eutectoid temperature, 
Diebold et al. (1978) noted that the proeutectoid morphology changed from plates of 
a(Ti) to a morphology similar to allotriomorphs. Following subsequent isothermal 
heat treatment below the eutectoid temperature, the usual microstmcture of 
intermetallic compound particles dispersed among plates of a(Ti) was replaced by 
nodules containing a coarse and irregular distribution of compound crystals, usually 
elongated in the nodule growth direction and having the overall appearance of 
degenerate pearlite. This microstmcture was noted to form from the recrystallised 
allotriomorph-like proeutectoid a(Ti) crystals. On this basis Diebold et al (1978)
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argued in support of Hillert’s (1962) hypothesis. They suggested that the prevalence 
of bainite in Ti-X alloys was the result of the prior formation of a  plates rather than 
allotriomorphs.
However, Lee and Aaronson (1988b) noted that, despite a large amount of cold 
working facets were still evident on the allotriomorphs interface and suggested that 
an orientation relationship may still be present. Lee and Aaronson (1988b) concluded 
that if the eutectoid microstmcture described by Diebold et al. (1978) is pearlitic this 
disagrees with the work of Hillert (1962) who suggested that pearlite can only form 
on incoherent interfaces!
It should be noted that there is not a general consensus that the growth interface of 
allotriomorphs is incoherent. It can be suggested that the interfaces are semi- 
coherent as they contain facets (see above). This highlights the difficulties 
surrounding interface stmcture terminology^ .£sS both allotriomorphs and plate 
interfaces could be termed semi-coherent although one possesses a rational 
reproducible orientation relationship with the parent phase whilst the other does not.
As in the work of Hillert, Diebold et al. (1978) only utilised optical microscopy and 
no detailed examination was made of interphase boundary stmcture or orientation 
relationships. It is therefore not acceptable for either the proeutectoid phase to be 
termed either allotriomorphs or plates. Hence, the work of Diebold et al. (1978) does 
not prove or disprove the theory of Hillert (1962).
Lee and Aaronson (1988b) utilised transmission electron microscopy to re-examine 
the work of Diebold et al. (1978) and reclassified the eutectoid microstmcture, 
present after thermomechanical treatment, as bainite. This conclusion was based on 
the discontinuity of the intermetallic phase. If the microconstituent was pearlite then, 
due to the fact that sidewise growth occurs by branching, at least one phase is 
expected to be continuous. Lee and Aaronson (1988b) concluded that, although 
mechanical working appears to transform proeutectoid a(Ti) from plates to blocky 
particles, the eutectoid microstmcture remains bainitic.
223
Chapter 10. E utectoid Decom position o f  Ti-X A lloys
Thermomechanical treatments similar to those of Diebold et a i (1978) and Lee and 
Aaronson (1988b) were completed on the hypoeutectoid Ti-Co and Ti-Cr alloys 
examined during this work. As in the work of Diebold et a l  (1978), blocky 
allotriomorph-like proeutectoid a(Ti) formed in the matrix. However, several areas 
of plates were also observed.
Following subsequent heat treatment below the eutectoid temperature, the matrix of 
P(Ti) transfonued to what appeared to be a lamellar microconstituent. Further 
examination at high magnifications revealed discontinuity of the intermetallic phases. 
It therefore appears that the microconstituent remained non-lamellar.
Perhaps more importantly, experimental evidence from the Ti-Co system shows a 
lamellar microconstituent forming when either plates of tx(Ti) (Figure 6.4) or 
allotriomorphs of the intermetallic phase Ti2Co (Figure 6.30c) are the first 
decomposition product. If the lamellar product is synonymous with pearlite in steels 
then this undemiines the view put forward by Diebold et al. (1978) about the 
proeutectoid precursor determining whether pearlite or ‘bainite’ form, as pearlite is 
capable of forming from products with both ‘classically incoherent’ and semi- 
coherent interfaces. This point is returned to below when a new rationalisation of 
available data is proposed.
10.7.4 Ledge Mechanisms
Since the theory of Hackney and Shiflet (1987b), which proposed that pearlite 
formation is by a co-operative ledge mechanism, there has been more attention paid 
to the crystallography of both pearlite and bainite in an attempt to determine whether 
this reflects the fundamental differences between the two products.
It has been suggested that pearlite grows by a ledge mechanism and the ledges 
present are shared between the two eutectoid phases (Hackney and Shiflet, 1987b). 
Similarly, it has also been suggested that in bainite ledges also exist although they are 
not shared or synchronised as in pearlite (Liu et al., 1985).
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Lee et al (1988b) proposed a hypothesis based on the ledge mechanism of growth. 
Lee et al. (1988) attempted to show that a distinction between pearlite and bainite can 
be achieved by comparing ratios of growth ledge height and average spacing between 
growth ledges. The authors proposed that for pearlite fonuation ha / X,a = hp / A,p and 
for bainite ha/A#^hp/A,p.
As discussed in Chapters 2 and 9, it appears that pearlite does form by a ledge 
mechanism but as shown in Chapters 3 and 9, bainite does not. The theory of Lee et 
al. (1988) is therefore fundamentally incorrect as it is not possible to conclude that 
bainite forms when the ratio of h a / A # ^ h p /  A,p when growth does not occur by a 
ledge mechanism.
Furthermore, the hypothesis of Lee et al (1988) makes little sense as it suggestSthat 
there is a continual evolution from pearlite through intermediate morphologies to 
bainite. However, the crystallography of the two products points to a radical 
difference between them. Lee et al.'s. proposal, though inspired by Hackney and 
Shiflet’s work on pearlite crystallography, wholly fails to account for the differences 
in crystallography between the two eutectoid decomposition products.
The theory of Lee et al. (1988) can also be shown to be incorrect as pearlite is known 
to posses^no rational reproducible orientation relationship with the parent austenite 
into which it is growing whist bainitic ferrite always does. Therefore, the interfaces 
are fundamentally different based upon their crystallography. It is not possible to 
change from an interface possessing an orientation relationship to one without.
As discussed in Chapters 3 and 9, bainite has been suggested to form by a displacive 
mechanism (Bhadeshia, 1992). Thus it is doubtful that bainite grows by a diffusional 
mechanism let alone sharing a relationship to pearlite based on ledge migration.
10.7.5 Summarv
It is useful at this point to summarise some of the key points arising from evaluation 
of the literature and data gathered in this study. This can be done in two stages. First
225
C hapter 10. E utectoid Decom position o f  Ti-X A lloys
some negative statements can be made about previous rationalisations of pearlite and
bainite. Second, some positive statements can be made.
Negative statements:
1. Diebold et al.’s (1978) view that the competition between pearlite and bainite can 
be explained by either plates or allotriomorphs acting as precursors for bainite 
and pearlite respectively is unfounded.
2. Lee et al.’s (1988) proposed relationship between bainite and pearlite based on 
ledge height matching fails wholly to fit with the distinct crystallography of 
pearlite and bainite.
3. Early attempts to see pearlite and bainite as opposites (as for example Hull and 
Mehl) were misplaced.
Positive statements:
1. This thesis agrees broadly with Hackney and Shiflet’s hypothesis that pearlite 
grows by a diffusional mechanism which on an atomistic level takes place by 
ledge migration (see Section 2.7.5).
2. Pearlite is a product found in many systems and is characterised by a morphology 
consistent with co-operative growth. This usually means that pearlite is lamellar, 
with holes in one or both phases. There is invariably a rational reproducible 
orientation relationship between the two product phases and not one between the 
products and the consumed parent phase. The interlamellar interface has a micro­
habit plane maintained by direction steps.
3. Bainite is a product found in many alloy systems and is characterised by one 
phase forming ahead of the other. The second phase then nucleates as the parent 
phase becomes enriched in rejected solute.
4. It is suggested that pearlite and ‘plate’ formation are best seen as two distinct and 
competing decomposition processes.
This latter point is more carefully examined in the next section.
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10.8 A New Perspective on the Relationship between Pearlite and Bainite 
Any overall view of pearlite and bainite must fit with the points outlined in the 
summary above. It is important that the observations of pearlite and bainite formation 
in both ferrous and Ti-X systems are considered in detail.
An important point which must be considered is why in a eutectoid Ti-Co 
composition alloy plates of the a(Ti) form so readily. The high volume of plates 
present at the eutectoid composition point to their predominant role in the eutectoid 
decomposition reaction. A theory which appears to be consistent with all available 
experimental data is that it is not pearlite and bainite which are in competition with 
each other but pearlite and ot(Ti) plates.
Since theories on the formation of pearlite and bainite were first proposed it has been 
assumed that pearlite and bainite are opposites and therefore their formation opposes 
each other. This now appears to be unfounded as the formation of pearlite and 
bainite occur by completely different mechanisms. Pearlite forms by a co-operative 
process with both eutectoid phases forming at the same growth rate whereas bainite 
fonris by the initial formation of a(Ti) plates leading to compositional variations in 
the matrix phase. This results in the later formation of the intermetallic phase at 
a(Ti):(3(Ti) interfaces. The formation of a(Ti) therefore appears to be competitive 
with pearlite fonnation and not bainite formation. Bainite competed only indirectly. 
This view is contrary to Lee and Aaronson (1988b) who argued that proeutectoid and 
eutectoid a(Ti) can be readily distinguished. As shown in this work this is clearly 
not the case. Whether plates of a(Ti) are proeutectoid or eutectoid they both possess 
the same orientation relationship with the parent phase in addition to identical 
morphological features including low angle boundaries along their length.
Thus, pearlite dominates in steels at low undercooling, but gives way to bainite at 
higher undercooling. The plates which form in competition with pearlite give rise to 
bainite as the supersaturated plates give up their carbon. On this basis it might be 
anticipated that Ti-X should follow a similar pattern i.e. with pearlite observed at 
high temperatures and bainite at low temperatures. However, it is well known that
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a(Ti) plates are strongly favoured in Ti-X alloys, which is why allotriomdfhs of 
a(Ti) are not formed at all but the smallest undercooling. Thus, it is anticipated that 
oc(Ti) plates will be competing with pearlite even at temperatures close to that of the 
eutectoid temperature.
If this view is correct, then at low undercooling in hypoeutecoid, eutectid and 
hypereutectoid steels, plate nucléation is unable to compete with the co-operative 
growth of pearlite. However, in all three compositions at higher undercooling the 
increased driving force for ferrite plate fonnation allows these to compete with 
pearlite, and the consequence of their formation is subsequent precipitation of 
carbide and thus formation of bainite.
For Ti-Co alloys where both pearlite and bainite are observed, in hypoeutectoid Ti- 
Co alloys nucléation of a(Ti) plates is favoured over the establishment of co­
operative growth of pearlite, and the resultant transformation product is thus bainite. 
However, in the case of eutectoid and hypereutectoid Ti-Co alloys the driving force 
for a(Ti) plate nucléation is greatly diminished and pearlite becomes a competitive 
route for decomposition. For the eutec^id alloy a(Ti) plates complete with pearlite 
and for the hypereutectoid alloy a(Ti) plates can not form.
In hypoeutectoid alloys there is a high driving force for plate formation. Whereas in 
eutectoid and hypereutectoid alloys there is little, or even no, driving force depending 
on the reaction temperature. This is summarised schematically in Figure 10.7.
This argument appears to be consistent with the broad observations of Ti-X alloys 
that (i) bainite is the favoured mechanism of eutectoid decomposition in 
hypoeutectoid alloys (Franti et a l, 1978) and (ii) pearlite frequently forms in 
eutectoid alloys. Additionally, this view is consistent with the more detailed study of 
Lee and Aaronson (1988a) which revealed that pearlite can form at low undercooling 
in hypoeutectoid Ti-Ni. If the competition can be viewed as one between a(Ti) and 
pearlite than a different perspective is placed on Diebold et aZ.S(1978) critical 
experiments. They suggested that thermomechanical processing, which turned a(Ti)
228
C hapter 10. E utectoid Decom position o f  Ti-X A lloys
plates into a(Ti) grains, altered the eutectoid decomposition product from bainite to 
pearlite in a hypoeutectoid Ti-Ni alloy. This was attributed to the provision of 
‘disordered’ nucléation sites. However, this can also be explained by the presence of 
a(Ti) grains removing the driving force for plate formation and thereby allowing 
pearlite to grow.
However, Lee and Aaronson (1988b), in reconsidering the work of Diebold et al 
(1978), suggested that the microconstituent formed following thermomechanical 
treatment is not pearlite but is in fact bainite based upon the incoherency of the 
intermetallic phase. This fits with the presented explanation that proeutectoid 
morphology does not effect eutectoid decomposition product as suggested by Hillert 
(1962). Results from this work are in-keeping with the results of Lee and Aaronson 
(1988b) and whether a(Ti) forms as plates or is forced to form as blocky particles 
following thermomechanical treatment, it is still competing with pearlite formation.
The suggestion that pearlite competes with plate growth can also be extended to the 
microconstituent known as inverse bainitef In the hypereutectoid alloys in which 
inverse bainite forms the competing processes of eutecfeid decomposition are 
cementite plate formation and co-operative growth of pearlite. Thus, at suitably high 
undercooling cementite plates are favoured, and ferrite forms consequentially on 
these plates to form inverse bainite.
10.9 Summarv
In steels there are three different scenarios for eutectoid decomposition;
Bainite
1. Nucléation of a  plate.
2. Displacive growth of a  plate.
3. Subsequent rejection of carbon from supersaturated a.
4. Nucléation of carbide.
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Pearlite j
1. Establishment of a co-operative nucleus with low energy orientation relationship. |
2. Co-operative growth of the two phases and branching. I
Inverse Bainite
1. Nucléation of FegC plate.
2. Growth of FegC plate.
3. Rejection of iron.
4. Nucléation of a.
In Ti-X alloys there are two (at least) scenarios for eutectoid decomposition:
Bainite
1. Nucléation of a(Ti) plate.
2. Growth of a(Ti) plate.
3. Rejection of solute from a(Ti).
4. Nucléation of intermetallic phase.
Pearlite
1. Establishment of a co-operative nucleus with low energy orientation relationship.
2. Co-operative growth of the two phases and branching.
The experimental observations of this work fall into the two scenarios. The eutectoid 
and hypereutectoid Ti-Co alloys are synonymous with the scenario for pearlite whilst 
the bainite scenario is synonymous with the non-lamellar microconstituent observed 
in all other alloys.
Thus, in both systems the competing processes are essentially plate formation and the 
establishment of co-operative growth. The amounts of each product formed will 
depend on the individual nucléation and growth rates of plates and the pearlite.
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Importantly the summary above makes no definitive statement about whether the 
plates in the case of both Ti-X or inverse bainite grow by a diffusional or displacive 
mechanism. It is accepted that bainitic ferrite grows by a displacive mode, but there 
is not much direct evidence about these other two cases. The similarities in the 
crystallography make displacive growth seem likely. However, some recent work by 
Pond et al. (2000) may indicate that it is actually more helpful to view some 
transformations as displacive-diffusive. Pond et al. describe how the motion of 
defects along the interface accomplish both deformation and give rise to diffusion 
fluxes. Although their detailed analysis was made on the formation of TiAl and Ti]Al 
it is likely to have much wider implications.
Chapter 10 discussed the results of eutectoid decomposition of the three Ti-X alloys 
examined during the course of this work. As discussed in Sections 10.2 and 10.3, 
based upon the thorough definitions of pearlite and bainite presented in Chapter 9, 
the lamellar and non-lamellar microconstituents observed in Ti-X alloys are 
synonymous with pearlite and bainite in steels.
Growth mechanisms were also discussed and, based on experimental evidence from 
this work, the interpretation of Diebold et a l (1978) of the theory of Hillert (1962) 
that pearlite foims from allotriomorphs whilst bainite forms from plates, has been 
demonstrated to be incorrect for Ti-X alloys. The theory of Lee et al. (1988) that 
pearlite or bainite formation is dependent on the h/1 ratio has also been demonstrated 
to be incorrect based on the fact that bainite forms by a displacive growth mechanism 
and that the interfaces of pearlite and bainite aie fundamentally different based upon 
their crystallography.
When considering the differences of pearlite and bainite, we must also consider 
nucléation sites in addition to growth mechanisms. When a(Ti) nucleates it will 
attempt to minimise its interfacial energy. This will result in either the nucléation of 
pearlite or an a(Ti) plate. Hillert (1962) suggested that if growth is into one grain 
pearlite will result whilst if growth is into the other grain the decomposition product 
will be bainite.
231
Chapter 10. Eutectoid D ecom position o f  Ti-X Alloys
This again demonstrates that the theory of Lee et al. (1988) is incorrect, as the 
differences between pearlite and bainite are fundamental and based upon differences 
present at nucléation.
A new related theory has been proposed suggesting that it is not pearlite and bainite 
which are competing processes in Ti-X alloys but rather pearlite and a(Ti) plate 
formation. As pearlite and bainite form by completely different mechanisms it is 
incorrect to suggest that they are opposite to each other, an assumption which has led 
to years of confusion. This arguments can also be extended to pear lite and bainite in 
steels with pearlite and the formation of ferrite plates being the competing 
mechanisms.
The proposed theory offers an explanation for the high volume of a(Ti) plates 
present in the eutectoid composition specimens, in addition to the microconstituent 
termed inverse bainite.
In addition to evidence for the opposing growth mechanism of pearlite and bainite 
results from this work also lend evidence to (i) the ledge mechanism for pearlite 
based on microstructural and crystallographic data and (ii) Bhadeshia’s (1992) theory 
of bainite formation based on microstmctural evidence and improved TTT data. 
These two mechanisms underpin a new proposal which rationalises available data for 
steels and Ti-X alloys.
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Figure 10.4 Pearlite formed in hypereutectoid steel after Mehl and Hagel (1956).
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Figure 10.6 Morphologies of proeutectoid ferrite as observed at grain boundaries
after Hillert (1962).
\
e xtro-pol
cx'-t |3  ^P ircxnsijisc x  -V Vnf
\
hypo E hyper \
Figure 10.7 Schematic phase diagram showing driving force for plate formation.
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Chapter 11. Conclusions and Further Work
11.1 Conclusions
• Definitions of both pearlite and bainite in steels have been presented based upon 
well documented experimental evidence. Definitions include rationalisations of 
data concerning morphology, crystallography, growth and interlamellar intei-phase 
boundary structures.
• Comparison of the lamellar and non-lamellar microconstituents observed 
following eutectoid decomposition in Ti-X alloys with the presented definitions of 
pearlite and bainite in steels has been made. It can be concluded that the lamellar 
microconstituent is synonymous with pearlite and the non-lamellar 
microconstituent synonymous with bainite,
• The theory of Hillert (1962), that pearlite forms from allotriomorphs whilst bainite 
forms from plates, has been shown to be incorrect for Ti-X alloys. It has been 
demonstrated that both the lamellar and non-lamellar microconstituents in Ti-Co 
alloys form from plates of a(Ti), whilst the lamellar microconstituent also forms 
from allotriomorphs of the intermetallic phase.
• The rolled microstructures, classified ‘pearlitic’ by Diebold et al. (1978), were 
reclassified as bainite by Lee and Aaronson (1988). Rolling heat treatments 
conducted during this work resulted in microstructures that contain blocky 
particles of proeutectoid a(Ti) in addition to a veiy fine two phase 
microconstituent. High magnification SEM has demonstrated that the 
microconstituent’s morphology is inconsistent with co-operative growth and is 
therefore bainite.
The theory presented by Lee et a l (1988) suggesting that pearlite or bainite forms 
depending on the h/X, ratio has been shown to be incorrect. In addition, this thesis 
has argued that the theory of Bhadeshia (1992), regarding bainite formation, is
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correct. Therefore, any argument based upon growth ledges is incorrect as bainite, 
at least in steels, forms by a displacive mechanism.
• A new theory has been presented suggesting that it is not pearlite and bainite that 
are opposing growth mechanisms but rather pearlite and proeutectoid ot(Ti) plates. 
Pearlite and bainite have been shown to form by completely different mechanisms 
and it is therefore incorrect for them to be considered to be any sense 
opposites.
• The presence of direction steps on interlamellar interphase boundaries, which 
appear to maintain a habit plane, lends support to pearlite growth by a ledge 
mechanism.
• TTT data obtained for the non-lamellar microconstituents in conjunction with 
microstructural examination demonstrated that a(Ti) plates form well ahead of the 
intermetallic phase. This is in-keeping with the displacive growth mechanism 
proposed by Bhadeshia (1992).
• The presence of low angle boundaries (misorientations of 1-2°) along ‘normal’ 
a(Ti) plates suggests that the plates form by sympathetic nucléation.
• The presence of ‘black’ plates was revealed in Ti-Mn alloys, although following 
heat treatment for 56 days the non-lamellar microconstituent was observed. This 
confirms the fact that the non-lamellar microconstituent can form from either 
black or noimal plates. In addition, it has been suggested that black plates do not 
lengthen by sympathetic nucléation, as do the normal plates. This is due to the 
dramatically reduced number of low angle boundaries along the length of black 
plates.
® The omega phase was detected in all samples where P(Ti) was present, i.e. those 
where reaction had not reached completion and p(Ti) was able to be retained to 
room temperature.
241
Chapter 11. Conclusions
11.2 Further Work
This work has conducted a thorough review of the literature of eutectoid alloys in 
both steels and Ti-X alloys. A large quantity of experimental work has also been 
completed on three separate Ti-X alloys, where X = Co, Cr and Mn.
A new hypothesis has been presented suggesting that pearlite and a(Ti) plate 
formation are opposing processes. In addition, general definitions for both pearlite 
and bainite in steels have been proposed and compared with the lamellar and non- 
lamellar microconstituents detected following eutectoid decomposition in Ti-X 
alloys. In order to extend this work to determine of the hypothesis is valid generally, 
three areas of further work are proposed.
i) The work should be extend to include other Ti-X alloy systems thereby extending 
the generality of the conclusions
ii) The maximum undercooling considered in this work was 85 °C. Further heat 
treatments could be completed at higher undercoolings in alloys where pearlite 
forms at low undercoolings and consider the competition between pearlite and 
bainite at these higher undercoolings.
iii) Extension of the work to cover all eutectoid alloy systems would again confirm 
the generality of the findings.
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